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ABSTRACT

Peng, Shane X. PhD, Purdue University, August 2016. Fabrication and Characterization
of Cellulose Nanocrystal Enhanced Sustainable Polymer Nanocomposites through
Surface Chemistry and Processing. Major Professor: Jeffrey Youngblood.

Cellulose nanocrystals (CNCs) belong to a class of cellulose based nanomaterials
that are extracted from renewable and sustainable sources and have excellent mechanical
and thermal properties. While applications for CNCs have been expanding, one of the
challenges of utilizing CNCs is to overcome their low dispersibility in hydrophobic
polymers. In the present work, several approaches are utilized to improve the interfacial
compatibility

and

overall

performance

of

CNC/epoxy

and

CNC/polyamide

nanocomposite.
For a two-part epoxy system, a novel approach was taken to disperse CNC in
epoxy matrix by pre-formulating CNC into the hardeners. Three types of hardeners were
evaluated for their compatibility with CNC. With less than 2 wt% CNC, Young’s
modulus was increased by 16% in JD400 cured epoxy and by 19% in DETA cured epoxy.
The DETA cured specimens had the highest increases in mechanical properties among
the three hardeners evaluated. For all three hardeners cured specimens, residual water
from the solvent exchange process plasticized the epoxy matrix. However, CNC was able
to maintain and even improve the mechanical properties.

xii
To further improve compatibility, CNCs were surface modified through various
esterification methods to graft side chains of different hydrophobicity. The grafting
efficiency and preservation of structural morphology and crystallinity of CNCs were
evaluated. Acid anhydride and CDI methods were found to be the most applicable
reagents to graft short and long chain aliphatic carbons, respectively. The hydrophobicity
of grafted CNCs was evaluated by dispersing them in organic solvents with different
Hansen’s solubility parameters. The dispersibility of grafted CNCs in organic solvents
was improved by using never-dried CNCs as source materials and keeping CNCs wet in
their washing solvents after grafting, thus increasing the solvency range to disperse CNCs.
Finally, surface modified CNCs were utilized to fabricate polyamide 11 (PA11)
nanocomposites. The effects of CNC and plasticizing side chains on the mechanical and
thermal properties of PA11 were evaluated. Using surface modified CNCs, the tensile
modulus and strength both increased while the toughness of PA11 was preserved. In
addition, the formation of shear band- like structures were also observed during uniaxial
tensile testing. When PA11 and nanocomposites were annealed near their melting point,
crystals under a certain size threshold were melted and potentially recrystallized on larger
crystals that were above the size threshold. The larger crystals subsequently increased in
size as annealing time increased. The addition of CNC inhibited this transformation,
while surface modified CNC promoted it at early stage of annealing.
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CHAPTER 1. INTRODUCTION

1.1

Background and Motivation

The scarcity of fossil fuel and the urgency of environment protection have driven
composite research towards the development of renewable and sustainable natural fiber
based composites.1–4 Some of the key advantages of natural fiber-based composites over
petroleum based polymer and traditional composites include weight reduction, lower cost,
ease of recycling, and environmental friendliness.1,2 Flax, jute, hemp, and sisal fibers are
just a few examples of natural fibers used in composite applications.1 Nevertheless,
natural fibers lack good mechanical properties in comparison with conventional
reinforcing fillers such as glass and carbon fibers.
In recent years, there is a new class of cellulose-based nanomaterials emerging in
the field of nanocomposites.4–6 These cellulose nanomaterials can be extracted from a
variety of renewable sources, such as trees, plants, bacteria, and algae.7 They consist
almost exclusively of cellulose chains. As shown by the repeating unit in Figure 1.1,
cellulose has hydroxyl groups that form hydrogen bond networks, which leads to high
crystallinity and good mechanical properties. Cellulose Nanocrystals (CNCs) are
cellulose nanomaterials isolated through acid hydrolysis. They have high aspect ratios (310 nm wide and 50-500nm long).8,9 Transmission electron microscopy images of CNCs
are shown in Figure 1.2. Their axial elastic modulus (EA = 100-220 GPa

4,10 )

and

2
tensile strength (Estimated σf = 7.5 GPa

11 )

are higher than typical filler materials such as

glass, Kevlar, and carbon fiber.10 These excellent mechanical properties have led to
research using CNCs as reinforcing materials for a variety of thermoplastic and
thermosetting polymers, including polyethylene
acetate)

16 ,

poly(vinyl alcohol)

17 ,

12,13 ,

and polyurethanes

poly(lactic acid)

18–20 .

14,15 ,

poly(vinyl

Other applications for CNCs

have been found in packaging materials, organic electronics, laminates, fibers, cements,
and biomaterials.

21–26

Figure 1.1 Repeating unit of Cellulose

Figure 1.2 Transmission Electron Microscopy image of CNC
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Despite rapid expansion of the applications of CNCs, one of biggest challenges to
utilize CNCs is their inherent incompatibility with hydrophobic media. The hydrophilic
nature of CNCs has created difficulties for dispersion of CNCs in a hydrophobic polymer
matrix. To fabricate CNC/hydrophobic polymer nanocomposites, four general approaches
have often been used: 1) Utilizing water-borne polymer: emulsion of hydrophobic
polymers or aqueous suspension of hydrophilic polymers are chosen as matrix materials
to increase compatibility with CNCs.16–18,27,28 This method takes advantage of the good
dispersibility of CNC in water. However, water emulsion limits the range of application
of the final nanocomposite. 2) Solvent assisted dispersion: besides water, CNCs can also
disperse in DMF and DMSO upon sufficient agitation or solvent exchange.14,15,19,20,29,30
Other organic solvents can also be used to disperse CNCs via extended solvent exchange
steps. However, the extent of dispersion and viscosity of the suspension varies. With the
addition of solvent, viscosity is reduced to facilitate mixing and application. However,
excess solvent has to be removed in the final application, which can lead to
environmental concerns related to emission of organic solvents. 3) Impregnation of
preformed CNC: upon rapid freezing and lyophilization, the hydrogen bond network of
CNCs in aqueous suspension can be preserved and leads to a foam like structure.
Different shapes of CNC foam can be generated using molds and then impregnated with
polymer to generate nanocomposite.31 This method requires large scale lyophilization and
vacuum assisted resin transfer of the polymer. In addition, the shape integrity of the final
nanocomposite part can be affected by the lyophilization process. 4) Surface modification
of CNCs: as shown in Figure 1.1, the hydroxyl groups of cellulose can undergo various
modification reactions. CNCs are usually surface modified by physical bonding of
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surfactant or chemical grafting hydrophobicity side groups.12,13,32 These modified CNCs
have higher dispersibility and loading efficiency in hydrophobic polymers. However, the
surface modification process requires careful selection and control in order to achieve its
designated purpose without deteriorating CNC properties and the nanocomposite
performance. Overall, based on the choice of polymer and the final application, the
proper fabrication method should be selected when designing the CNC/polymer
nanocomposites.
1.2

Research Objectives

The goal of this work is to develop new methods to disperse CNCs in different
classes of polymers, investigate their effects on the overall performance of the
nanocomposites, and understand the mechanisms that lead to change in performance. To
address these goals, several research objectives were established.
1) Develop new methods to disperse CNCs in thermoset polymer through
processing steps. Characterize the mechanical and thermal properties of CNC
polymer nanocomposite. Explore the effects of the structure of the
crosslinking agents on the properties of the thermoset nanocomposite.
2) Improve the dispersibility of CNC via surface modification. Investigate how
the extent of modification reaction and the type of molecular structure that
were grafted altered the chemical and physical properties of CNC and their
compatibility with hydrophobic media.
3) Study the dispersibility of surface modified CNCs in thermoplastic polymer.
Characterize the effects of surface modified CNC on the mechanical
properties of the nanocomposite and compare to unmodified CNC and neat
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polymer. Investigate and propose potential mechanisms for the changes in
crystallinity and crystal structure of the polymer matrix with the addition of
unmodified and surface modified CNCs

1.3

Overview of This Work

In this work, Bisphenol A based epoxy and Polyamide 11 (PA11) are chosen as
example materials for thermoset and thermoplastic class of polymers, respectively.
Solvent assisted dispersion and surface modification are the two fundamental approaches
utilized in this work to disperse CNC in these polymers. In Chapter 1, a new method to
disperse CNC in epoxy is presented by dispersing CNC in the epoxy hardeners first.
Different types of hardener structures are investigated. The mechanical and
thermomechanical properties of CNC/epoxy nanocomposite are reported. Potential
mechanism for glass transition temperature depression is also investigated. Chapter 2
describes a comprehensive comparative study on the esterification reactions of CNC.
Current literature methods are compared for their grafting efficiency of fatty acid
derivatives of different length and for their effects on the inherent properties of CNC
post-reaction. The dispersibility study of grafted CNC is also presented. Chapter 3
features a mechanical and thermal properties comparison study of surface modified CNC
and unmodified CNC reinforced PA11 nanocomposite. A novel shear band phenomenon
is reported for nanocomposite with surface modified CNCs. The effects of CNC on the
change in PA11 crystal structure during annealing are also presented. Potential
mechanisms for the shear band formation and crystal structure induction are proposed.
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CHAPTER 2. DESIGN AND CHARACTERIZATION OF CELLULOSE
NANOCRYSTALS ENHANCED EPOXY HARDENERS

The following chapter contains content reproduced with permission from Peng,
S.X.; Moon, R.J.; Youngblood, J.P.; Design and Characterization of Cellulose
Nanocrystals Enhanced Epoxy Hardeners. Green Materials, 2(4), 193-205. Copyright
2014 Thomas Telford
2.1

Introduction

Epoxy is one of the most commonly used high performance thermosetting resins.
Applications for epoxy can be found in the fields of aerospace, electronics, automobile,
and construction 33 . Most of the epoxy resins consist of two components: epoxy monomer
and hardener/crosslinking agent. They are usually shipped separately and mixed at the
point of use. There are various types of hardeners, with amine, hydroxyl, or carboxyl
active groups. The type of hardeners determines the crosslinking density and eventual
physical properties of the cured epoxy 33 . Previous studies on CNC/epoxy nanocomposite
have utilized various aromatic and aliphatic amine hardeners 27–30,32 . Most of the studies
have reported enhancement of epoxy mechanical properties both in glassy and rubbery
state, and increasing of the glass transition temperature (Tg) with the addition of CNC.
However, there has not been a systematic study that investigates the effects of CNC on
epoxy cured with different types of hardeners. Since the inherent mechanical properties
and the network structure of the cured epoxy are dependent on the hardeners used, it is
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important to evaluate the CNC reinforcing mechanisms on different epoxy/hardener
systems. Understanding the compatibility of CNC with different hardeners and the effects
of CNC and hardener on the epoxy properties will provide useful guidelines for designing
of mix-on-site type CNC/epoxy systems. In addition, the high hydrophilicity and low
viscosity of epoxy hardener provide a unique design opportunity. To the authors’
knowledge, there have not been studies that have used hardeners as a CNC dispersant to
increase CNC dispersion within epoxy.
In this study, an alternative approach was taken to produce CNC/epoxy
nanocomposites, where CNCs are first dispersed in the hardeners before mixing with
epoxy resin. The objectives of this study were to 1) fabricate CNC/epoxy nanocomposite
by dispersing CNC in hardeners first; and 2) evaluate the role of hardener types on the
resulting CNC/epoxy nanocomposite structure and properties. Three types of hardeners
with

different

molecular

Diethylenetriamine

(DETA),

weight,

structure,

Jeffamine

D400

and

functionality

(JD400),

and

were

used:

(±)-trans-1,2-

diaminocyclohexane (DACH). The chemical structures of hardeners are illustrated in
Figure 2.1. 3) Analyze the effects of acetone and water on CNC/epoxy nanocomposite
structure and properties.
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Figure 2.1 Chemical structure of JD400 (a), DETA (b), and DACH (c)
2.2
2.2.1

Methods

Materials
Acetone was purchased from Marcon Fine Chemicals, Center Valley, PA, USA.

Epoxy resin (Diglycidyl ether of bisphenol- A (DGEBA), EEW=172-176), JD400
(Mw~400, AHEW=100), DETA (AHEW=20.6), and DACH (AHEW=28.5) were
purchased from Sigma-Aldrich, St Louis, MO, USA. All materials were used as
purchased. The silicone rubber mold was created using Mold Max 40 silicone rubber
from Smooth-on, Easton, PA, USA. CNC was provided by USDA Forest Service-Forest
Products Laboratory, Madison, WI, USA.
2.2.2

CNC/Epoxy Nanocomposite Preparation
CNC/hardener/acetone suspensions were created for all three types of hardeners at

various concentrations of CNC. In detail, freeze-dried CNC was first dispersed in
deionized water to reach 5 wt% suspension. Following the previous solvent exchange sol-
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gel process developed for dispersing CNC in polymer by Capadona et al

34 ,

15 mL of

acetone was added to 2 ml of CNC water suspension. To create the CNC/acetone
organogel, the top acetone layer was replaced with fresh acetone every 24 hours. After 48
hours, the hardener was added to the CNC/acetone organogel and allowed to immerse for
one hour. Then, the CNC/acetone organogel was redispersed in hardener using a sonifier
(S-250D, Branson Ultrasonics Corp., Danbury, CT, USA) at 25% amplitude and onesecond on/off cycles until a transparent suspension was achieved.
The CNC/hardener/acetone suspension was mixed with DGEBA using a vortexer
(VWR, West Chester, PA, USA) under 1:1 amine to epoxide ratio. The mixture was cast
in a silicone rubber mold. The specimens were degassed under vacuum to remove the
residual acetone and air bubbles. The JD400 and DETA specimens were cured at 60°C
for 12 hours, followed by 80 °C for 2 hours, and then 125 °C for 3 hours. The DACH
specimen were cured at 60°C for 12 hours, followed by 80 °C for 1 hours, and then
177 °C for 2 hours.
2.2.3

Equivalent Acetone (EQA) Specimen Preparation
The residual acetone in CNC/acetone organogel was calculated gravimetrically.

The same amount of acetone was added to hardeners and DGEBA during mixing to
create the corresponding EQA specimens. Acetone was subsequently removed during the
degassing step. The EQA specimens were cured following the same procedure as their
corresponding CNC specimens. All types of specimens created were listed in Table 2.1.
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Table 2.1 Summary of nanocomposite compositions
Nanocomposite composition
(per 100 part hardener)
Sample type

JD400_neat
JD400_C_0.4
JD400_C_1.21
JD400_C_2.05
JD400_A_0.4
JD400_A_1.21
JD400_A_2.05
DETA_neat
DETA_C_0.4
DETA_C_0.56
DETA_C_0.91
DETA_C_1.16
DETA_A_0.4
DETA_A_0.56
DETA_A_0.91
DETA_A_1.16
DACH_neat
DACH_C_0.4
DACH_C_0.74
DACH_C_1.21
DACH_C_1.54
DACH_A_0.4
DACH_A_0.74
DACH_A_1.21
DACH_A_1.54

2.2.4

Hardener
type

CNC

JD400

1
3
5

DETA

3.65
5
8
10

DACH

2.77
5
8
10

Hardener

Epoxy

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100

151.5
151.5
151.5
151.5
151.5
151.5
151.5
843.2
843.2
843.2
843.2
843.2
843.2
843.2
843.2
843.2
609.8
609.8
609.8
609.8
609.8
609.8
609.8
609.8
609.8

Acetone
content
before
degas
(per 100
part
hardener)

wt% of CNC
in final
nanocomposite

15
56
93
15
56
93

0.4
1.21
2.05

40
60
88
197
40
60
88
197

0.4
0.56
0.91
1.16

30
60
158.4
198
30
60
158.4
198

0.4
0.74
1.21
1.54

Tensile Testing
Tensile testing was conducted using a universal tensile testing machine (MTS

insight, MTS System Corp., Eden Prairie, MN, USA). Tensile specimens were prepared
by laser cutting tensile specimens from a large sheet following ASTM 638-10 Type IV
sample dimensions, but proportionally decreased by 2.27 times. The specimens were
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polished to achieve thickness close to 1mm. Tests were completed in displacement
control at rate of 5mm/min. Five to ten replicates were tested for each type of specimen.
The average and standard deviation were reported. Student t-tests were conducted on
young’s modulus, ultimate tensile strength, work-of- fracture, and strain-at- failure data to
determine statistical significance. The threshold level was set at 0.05.
2.2.5

Dynamic Mechanical Analysis (DMA)
Storage modulus, loss modulus, and Tan δ were measured using DMA Q800 (TA

instruments, New Castle, DE, USA) under single cantilever mode. Specimens were laser
cut into 12.78 mm x 35.64 mm bars. The DETA hardened specimens were heated from
room temperature to 200 o C at a rate of 3 o C /min under nitrogen atmosphere. The DETA
hardened specimens were heated from room temperature to 250 o C at a rate of 3 o C /min
under nitrogen atmosphere. The JD400 hardened specimens were heated from 20 o C to
150 o C at a rate of 3 o C /min under nitrogen atmosphere. The specimens were tested at 15
µm strain and 1Hz frequency.
2.2.6

Polarized Light Microscopy
The cured specimens were observed using a Carl Zeiss inverted microscope

equipped with two crossed polarizers. The specimens were polished to remove surface
defects. Images were taken when polarizers were at full extinction.

2.3
2.3.1

Results and Discussion

Dispersion of CNC in Hardeners
Good dispersion of CNC within epoxy is one of the key variables to increase

performance of the nanocomposite. CNC/epoxy nanocomposites are generally prepared
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through mixing epoxy, hardeners, and CNC in situ. In this study, an alternative approach
was taken by dispersing CNC in hardeners first before mixing with epoxy resin.
Bisphenol A (BPA) based epoxy is generally hydrophobic, which makes CNC dispersion
difficult. In contrast, the hardeners are typically more hydrophilic. The amine group on
the hardeners can form cationically charged moieties that can interact with the negatively
charged CNC surface, which may increase CNC dispersion. Once predispersed, the
CNCs would then be easier to disperse in the BPA epoxy phase. The hardeners are acting
similar to dispersants and minimize aggregation. Additionally, the CNCs may be
kinetically trapped by the higher viscosity or form charged complexes leading to higher
dispersion. Due to these potential benefits, the predispersion of CNC into the hardeners
was attempted.
To disperse CNC in the hardeners, we took advantage of the acetone/water sol- gel
solvent exchange method

30,34 .

The additonal ultrasonifcation step was required to

redisperse acetone organogel in hardeners. Stable CNC/acetone/hardener suspensions
were formed following these procedures. Figure 2.2 illustrates the CNC/acetone/hardener
suspensions

under

two

crossed

polarizers.

At

low

CNC

content,

the

CNC/acetone/hardener suspensions were viscous liquids. The birefringence effects could
be observed when the suspension was agitated. As the CNC content increased, the
suspensions became more viscous. At high CNC concentration, the CNC/acetone/hardner
suspensions turned into a soft gel as shown on the right side of Figure 2.2. The
birefringence effects were locked in place. The suspensions were shear thinning since
agitation could decrease viscosity and break the gel formation. Similar behaviors were
observed in all three types of hardeners. The birefringence effects observed in all three
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hardeners were polychromatic, as opposed to monochromatic observed in water and other
organic solvent suspensions. The shear thinning effects of the CNC/acetone/hardener
indicated that there was a reversible interaction between CNC, hardener and actone.
Similar effects were also observed by others in CNC/DMSO suspensions under shear 35 .
One possible explanation was that the hydrogen bonding between the amine groups on
the hardeners and the hydroxyl groups on the CNC had created a weak and reversible
physical interaction.

Figure 2.2 Suspensions of CNC/acetone/hardeners between crossed polarizers. The
hardeners used are JD400 (a), DACH (b), and DETA (c). The CNC concentrations
labeled are the concentrations in the final epoxy matrix, instead of the concentrations in
the CNC/acetone/hardener suspensions. Table 1 listed the detail composition of the
nanocomposites. The 0.4wt% in part (a), 0.74wt% in part (b), and 0.56wt% in part (c)
suspensions were agitated with stir bars.
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2.3.2

Dispersion of CNC in Epoxy after Curing
To evaluate the dispersion state of CNC cured epoxy, specimens were evaluated

under optical microscope between crossed polarizers. Figure 2.3 showed images of cured
speciemens when the polarizers were at full extinction. For JD400 cured specimens, there
were no visble changes between neat and 1.21 wt % CNC specimens. Some scattering
birefringence domains was observed at 2.05 wt% CNC. For DACH cured specimens, no
visble changes were observed between neat and 0.74 wt% CNC specimens. The
birefringence domains were observed at 1.54 wt% CNC. These domains were larger than
than the ones observed in JD400 cured specimens. For DETA cured specimens,
birefringence domains were observed in both 0.56 wt% and 1.16 wt% CNC. The
birefringence domains in DETA cured speciemens were more evenly distributed. The
different birefringence patterns observed among different types of specimen indicated
that the CNC dispersion state depended on the type of hardeners used. The observation of
birefringence domain could be an indication of CNC aggregations. Similar birefringence
domains were also observed by Xu et al 27 . Xu et al, who dispersed wood-derived CNC in
a waterborne epoxy, found birefringence domains that were smaller in size than our
specimens, although the importance of such size is not clear. The existance of
birefringence domains could also be stress related. Epoxy, even though isotropic in nature,
could exhibit birefringence behavior when subjected to stress

36 .

All specimens were

cured in a silicone mold. Internal stress may have been generated during the curing
process via some undefined interaction between the epoxy network and CNC. In addition,
previous studies indicated that shear stress could lead to orientated CNC domains, which
may change the mechancial properties, coefficient of thermal expansion, and
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birefringence behavior of cast CNC films 37,38 . Therefore, another possiblity was that the
epoxy curing process generated shear stress on CNC domains, which led to local changes
in CNC orientation. However, there were no noticable changes in birefringence effects
when specimens were rotated under the microscope. Also, for DETA specimens, the
concentration of birefringence domain did not increase as CNC loading increased. While
there might be no correlation between the birfriengence domains and CNC aggregations,
the probability of potential microscale CNC aggreations could not be excluded due to the
limitation of the current resolution.

Figure 2.3 Polarized light microscope images of CNC/ epoxy nanocomposite specimens
cured with (a) JD400, (b) DACH, and (c) DETA (Scale bar = 1mm)
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2.3.3

Mechanical Properties of CNC/Epoxy Nanocomposites
In our method, CNC/acetone organogels were redispersed in hardeners to create a

stable suspension. Aceteone was initially left in the suspension to maintain low viscosity
and prevent potential CNC aggregation, and then removed by vacuum after the
CNC/acetone/hardener suspensions were mixed with epoxy. Therefore, it was important
to evaluate the impact of acetone on the nanocomposite system. To achieve this,
equivalent acetone (EQA) specimens were created. An equivalent amount of acetone to
the CNC/epoxy nanocomposites was added to the neat epoxy during mixing and removed
afterward

with

vacuum.

Mechanical and

thermal properties of CNC/epoxy

nanocomposite and their corresponding EQA specimens were analyzed via tensile testing
and dynamic mechanical anaylsis.
2.3.3.1 JD400
JD400 is a difunctional short chain hardener used to increase flexibility and
decrease brittleness of cured epoxy. The hydrophilic oxypropylene repeating units in the
backbone and the low vicosity can potentially increase CNC dispersion. Figure 2.4
showed the tensile properties of the specimens cured with JD400. As observed in Figure
2.4, neat epoxy cured with JD400 generated a ductile polymer with high strain-at- failure
and work-of- fracture. JD400 cured specimens also exhibited yielding behavior. The
tensile modulus and strength of the specimens cured with JD400 was lower in
comparison with those of the DETA and DACH cured specimens. Such differences
indicated that the JD400 cured specimen had a less compact crosslinking network with
more freedom of movement between polymer chains.
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Figure 2.4a shows a statistically significant enhancement of the Young’s modulus
of JD400 specimens with CNC additions. To determine the influence of acetone, Young’s
moduli were analyzed using the EQA specimens study as mentioned above. When
comparing EQA specimens and neat specimens, the results indicated minimal impact of
acetone on the Young’s Modulus. Therefore, for the CNC/epoxy nanocomposites, the
CNCs were the primary factor causing the modulus improvement. All specimens cured
with JD400 had shown necking behaviors during tensile testing. As shown in Figure 2.4b,
The EQA specimens had exhibited higher yield strength compared with their
corresponding CNC reinforced speciemens. A possible explanation of this difference was
that acetone increased the dispersion of JD400 in the epoxy resin by decreasing viscosity,
which can subsequently lead to more homogeneous reaction of JD400 and epoxy resin.
For CNC reinforced specimens, the yield strength increased at 0.4 wt% CNC, but
decreased at 1.21 wt% and 2.05 wt%. Statistical analysis showed that the changes were
significant at these points. Also shown in Figure 2.4b, the fracture strength of CNC
reinforced specimens also decreased when compared with that of the neat specimens. The
decrease in yield and fracture strength of CNC reinforced specimens indicated that CNC
acted like defects rather than reinforcment in the nanocomposites at low concentrations.
Simlar trends were also observed with the strain-at- failure and work-of- fracture data. As
indicated in Figure 2.4c and 2.4d, the CNC reinforced specimens and EQA specimens
resulted in low strain-at-failure and work-of- fracture values in comparison with that of
neat specimens. This could be a result of the presence of residual acetone and water
before the epoxy curing stages. At the elevated curing temperature, acetone and water
evaporate and may leave defects in the specimens, causing these specimens to become
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brittle and thus break at a lower strain than neat specimens. Similarly, the low CNC
concentration-related decrease in tensile strength and strain-at-failure have been
previously reported by Xu et al 27 . However, for the strain-at-failure data, no statstically
significant differences was found between the CNC specimens and the EQA specimens,
indicating that CNC did not furtur embrittle the epoxy matrix. The embrittlement effects
were likely caused by acetone.

Figure 2.4 Mechanical properties of CNC/epoxy nanocomposite cured with JD400. The
black squares are CNC containing specimens. The red dots are specimens cured with
equivalents amount of acetone (EQA) as the CNC specimens. For part b, the solid
symbols represented yield strength (σy ). The hollow symbols represented fracture
strength (σf).
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2.3.3.2 DETA
DETA is a trifunctional small molecule hardener, and is one of the most
commonly used epoxy hardeners. DETA has higher amine content than JD400 and
DACH, so can potentially form more hydrogen bonds with CNC to increase dispersion.
DETA cured epoxy has higher cross-linking denisty and forms more dense networks than
JD400 and DACH.
Tensile properties of CNC/epoxy nanocomposites cured with DETA, and the
corresponding EQA specimens, are shown in Figure 2.5. For Young’s modulus, the
increases were statistically significant up to 0.92 wt%. At 1.16 wt%CNC, there was no
difference between the CNC reinforced sample and the neat specimens. When compared
to EQA specimens, the CNC reinforced specimens were significantly different. For
tensile strength, there was no significant change between the CNC specimens and the
neat specimens, except for the 0.56 wt% CNC specimens. Nevertheless, the CNC
specimens were all significantly different than their corresponding EQA specimens,
except the 1.16 wt% specimens. The decrease of tensile modulus and strength at 1.16 wt%
CNC could be due to the formation of CNC aggregation. The strain-at- failure and workof- fracture data for DETA cured specimens showed similar trends. There were no
siginificant changes between CNC specimens and neat specimens except at 0.56 wt%
CNC. Unlike JD400 cured specimens, the DETA cured specimens were not embrittled by
the addition of CNC and acetone. This suggested that the more cross- linked epoxy was
less likely to be affected by the acetone-caused defects. It could be concluded that CNCs
improved modulus and strength of epoxy while not scarificing ductility. Importantly,
CNC addition to DETA before hardener incorporation into the epoxy simultaneously
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increased Young’s modulus, tensile strength, strain-at- failure, and work-of- fracture,
which is difficult to achieve in nanocomposites.

Figure 2.5 Mechanical properties of CNC/Epoxy nanocomposite cured with DETA. The
black squares are CNC containing specimens. The red dots are specimens cured with
equivalents amount of acetone (EQA) as the CNC specimens.

2.3.3.3 DACH
DACH is a difunctional cycloaliphatic hardener. It is less reactive, therefore
usually cured at more elevated temperature. These DACH cured specimens can provide
additional insights to CNC reinforcing characteristics after a high temperature curing
stage. Also, DACH has two active amine groups, which are in close proximity to each
other, providing structural variety to the cured epoxy compared to the other two aliphatic
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amines. DACH cured specimens have mechanical properties similar to DETA cured
specimens.
Figure 2.6 shows the tensile properties of CNC/epoxy nanocomposites cured with
DACH. Statistical analysis indicated no significant change in Young’s modulus and
tensile strength of all DACH cured specimens except the 0.74 wt% CNC specimens.
When compared with the EQA specimens, CNC specimens exhibited higher Young’s
modulus and tensile strength at 0.74 wt% and 1.54 wt%, while the properties were lower
or had no significant change for the 1.21 wt% specimens. For the strain-at- failure and
work-of-fracture data, there was no significant difference between the neat and CNC
specimens. However, the EQA specimens generally caused lower values in strain-atfailure and work-of- fracture, simliar to that of JD400 cured EQA specimens. This
suggested that defects created by acteone and water during curing caused the specimens
to fail more brittlely, and CNC ameliorated the embrittlement effect.
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Figure 2.6 Mechanical properties of CNC/Epoxy nanocomposite cured with DACH. The
black dots are CNC containing specimens. The red dots are specimens cured with
equivalents amount of acetone (EQA) as the CNC specimens.

The CNC reinforcing effects depended on the molecular structure of the hardeners
and the crosslinking network formed between the epoxy and hardeners. DETA, which has
five active amine hydrogens, formed a high density crosslinking network with epoxy.
DACH cured epoxies, which were cured at elevated temperature, formed an epoxy
network with a high degree of crosslinking. JD400, due to long crosslinker length,
formed flexible epoxy networks. Despite the differences in epoxy network structure,
Young’s modulus was increased for both JD400 cured and DETA cured specimens.
Similar improvement of Young’s modulus was observed by Xu et al

27 .

Xu et al also
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suggested lowering of strain-at- failure and tensile strength when CNC loading was lower
than 2 wt%. However, in this study, only JD400 cured specimens exhibited such behavior.
This furthur indicated that the CNC reinforcing effects were hardener dependent. DETA
cured specimens had the best combination of mechanical properties improvement among
the three hardeners evaluated. However, the mechancial properties improvement did not
increase with CNC loading when CNC content was higher than 1% wt. This could come
from two possible sources: the formation of CNC aggregations, or the presence of
residual acetone and water that led to increasing numbers of defects and lowering of
cross- linking density. A combination of both might also be in play. It is also worth
noticing that the hydrophilic main chain of JD400 was not a factor in the CNC
reinforcing effects, since the improvement of Young’s modulus was not signifcantly
different between JD400 and DETA cured specimens (16% increase for JD400 and 19%
increase for DETA at close to 2 wt% CNC). This suggested the main reinforcing
mechansim was physical interactions instead of chemical bonding. The molecular
structure of JD400 and DACH suggested higher tendancy to form more flexible
crosslinking network. These flexible networks caused both epoxy networks to be less
flaw tolerant. The maintance of strain-at-failure of DACH cured specimens indicated that
CNC enhanced the flaw tolerance of the epoxy network by preventing defect propagation.
For the JD400 cured sample, flaw tolerance did not improve, which was likely due to the
ductile nature of JD400 cured epoxy. CNC, while preventing defect propagation, also
limited polymer chain movement within the loose cross- linking network, and therefore
did not maintain high strain-at- failure. However, the reinforcing mechanism could not be
clearly concluded due to the posible existence of defects created by the residual acetone
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and water, which could alter the fracture mechanism dramtaically. In addition, previous
studies suggested that the presence of solvent and water during the epoxy curing could
also affect the degree of cure and the curing kinetics of the epoxy resin, which can also
influent the mechancial properties

39–42 .

To further investigate this possiblity, dynamic

mechanical thermal analysis was conducted.
2.3.4

Thermal Properties of CNC/Epoxy Nanocomposites
Figures 2.7-2.9 presents the storage modulus, loss modulus, Tan δ, and Tg of

CNC/epoxy nanocomposites cured with JD400, DETA, and DACH, respectively. Tg was
calculated with the temperature at the peak of the Tan δ curve. For the JD400 cured
specimens, the results in Figure 2.7 showed a minor decrease of Tg in the EQA specimens,
yet all CNC reinforced specimens had more significant lowering of Tg. A similar trend
was observed for the DETA cured specimens. As shown in Figure 2.8, Tg was decreased
with the addition of CNC. Unlike JD400 specimens, the DETA EQA specimens also had
a significant decrease of the Tg. The addition of CNC further depressed the Tg for the
DETA cured specimens. In Figure 2.9, among the DACH cured specimens, the EQA
specimens generally had lower Tg than its corresponding CNC specimens. At relatively
high CNC concentration, there was a rebound of Tg. Depressing of Tg has been observed
before in inorganic nanoparticle reinforced epoxy composite systems

41,43–45 .

Tang et al

also observed depressing of Tg at low CNC content in aromatic hardener cured epoxy 30 .
However, Tg of the cured epoxy increased as CNC content increased as CNC formed
rigid percolation network which limited the movment of

polymer chains

27,30,46 .

Nevertheless, in this study, the CNC loading was below the percolation threshold in the
cured epoxy. In our system, the water/acetone solvent exchange step could result in
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residual bound water on the CNC surface. The residual water was carried over to the
epoxy resin, which could have led to decrease of the Tg of the cured epoxy. There had
been reports, which suggested that a small amount of water could accelerate the epoxy
curing reaction 42,44 . However, a high level of water could plasticize the epoxy resin by
lowering the degree of cure

41,44 .

In addition, the temperature dependent curing process

could have been affected as solvents absorbed heat during evaporation

47 .

The residual

solvent might also inhibit the epoxy curing process, as dipole-dipole interaction between
the solvent and the amine groups of the hardeners could prevent the amine groups to react
with epoxy

39 .

In addition, Liu et al suggested that nanoparticles could also selectively

absorb resin or hardener at their surface, limiting the reaction between epoxy resin and
hardener 43 . In this study, since CNC was exposed to hardener first, the weak hydrogen
bonding interactions between CNC and the hardeners could possibly inhibit the
epoxy/hardener reaction. These weak interactions of the hardeners, acetone, and CNC
could have caused incomplete curing in some regions of the epoxy and led to formation
of inhomogeneous crosslinking networks. In addition to decreasing in Tg, lowering the
degree of cure caused by water was also detrimental to mechanical properties, such as
modulus and strength, of the epoxy resin

41,48 .

Moreover, some studies suggested that

residual solvents also have negative effects on the mechanical properties of the epoxy
resin

39,40,47,49 .

Nevertheless,

the

mechanical

properties

of

the

CNC/epoxy

nanocomposites developed in this study were not only unaffected, but even improved in
some hardener systems. This suggested that the CNC reversed the plasticizing effect
through its superior mechanical reinforcing effects.

26

Figure 2.7 Storage modulus, loss modulus, Tan δ , and Tg of CNC/epoxy nanocomposites
cured JD400. In part d, the black squares are CNC containing specimens. The red dots are
specimens cured with equivalents amount of acetone (EQA) as the CNC specimens.
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Figure 2.8 Storage modulus, loss modulus, Tan δ , and Tg of CNC/epoxy nanocomposites
cured with DETA. In part d, the black squares are CNC containing specimens. The red
dots are specimens cured with equivalents amount of acetone (EQA) as the CNC
specimens.
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Figure 2.9 Storage modulus, loss modulus, Tan δ , and Tg of CNC/epoxy nanocomposites
cured with DACH. In part d, the black squares are CNC containing specimens. The red
dots are specimens cured with equivalents amount of acetone (EQA) as the CNC
specimens.
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Figure 2.10 Side-by-side comparisons of the effects of CNC addition on the properties of
epoxy cured with different hardeners at the same CNC concentrations. In figure 10b,
yield strength was plotted for JD400 specimens, while tensile strength was plotted for
DETA and DACH cured specimens.

Figure 2.10 summarizes the properties of CNC reinforced epoxy cured with
JD400, DETA, and DACH. For short chain difunctional hardeners such as JD400, CNC
increased Young’s modulus of the cured epoxy. The yield strength increased at low CNC
concentration, but decreased at close to 1.2 wt% CNC. As shown in Figure 2.10c and
2.10d, the strain-at- failure and work-of-fracture for JD400 cured specimens also
decreased with CNC addition. Nevertheless, Tg of JD400 cured epoxy was not
significantly affected with the presence of residual water during curing. For small
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molecule trifunctional hardeners such as DETA cured epoxy, CNC improved Young’s
modulus, tensile strength, strain-at- failure, and work-of- fracture properties, despite the
presence of residual solvent and water, which might have depressed its Tg. For high
temperature cured cyclic structured difunctional hardeners such as DACH, there was
minimal improvement of Young’s modulus with CNC addition, while tensile strength,
work-of-fracture, and strain-at- failure did not have significant change. The Tg of DACH
cured specimens was also lowered with the presence of residual water and acetone during
the curing reaction. From these results, it can be concluded that the method of dispersing
CNC in the hardener first, before mixing with epoxy, was a viable approach to produce
epoxy with improved properties. The degree of improvement depended on the choice of
hardeners. Small molecule trifunctional hardeners such as DETA had the highest increase
of mechanical properties. The residual acetone and water from the solvent-exchange step
affected the curing process of the epoxy and led to plasticization of the cured epoxy.
Moving forward, limiting water and solvent during the epoxy curing process is the key to
improve upon the current method.
2.4

Summary

In this study, three types of CNC-enhanced hardeners were created for epoxy
nanocomposites applications. By pre- formulating the hardeners with CNC, stable
suspensions of CNC, hardeners and acetone were achieved. The dispersion state of CNC
in the final epoxy matrix depended on the type of hardener. The influences of hardeners
on the mechanical and thermal properties of the epoxy were analyzed. The Young’s
modulus and tensile strength of the epoxy resins were improved, although the reinforcing
effects of CNC were hardener dependent. The DETA cured epoxy benefited the most
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from this CNC pre-formulation method, as it showed increased tensile modulus, tensile
strength, strain-at- failure, and work-of-fracture of ~20%, ~15%, ~25%, and ~100%,
respectively, at their highest at a 0.56 wt% CNC addition. The presence of acetone before
curing caused the epoxy to behave more brittlely. However, CNC addition counteracted
this effect by maintaining the strain-at- failure of the epoxy resin. Dynamic thermal
mechanical analysis indicated that the addition of water and acetone could alter the
degree of curing. CNCs were able to preserve the mechanical properties of epoxy despite
the plasticization effect of water.
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CHAPTER 3. A COMPARATIVE GUIDE TO CONTROLLED
HYDROPHOBIZATION OF CELLULOSE NANOCRYSTALS VIA SURFACE
ESTERIFICATION

The following chapter contains content reproduced with permission from Peng,
S.X.; Chang, H.; Kumar, S.; Moon, R.J.; Youngblood, J.P.; A Comparative Guide to
Controlled Hydrophobization of Cellulose Nanocrystals via Surface Esterification.
Cellulose, 23(3), 1825-1846. Copyright 2016 Springer Science + Business Media
3.1

Introduction

Similar to other nanoparticles and polymeric materials, surface modification of
CNCs can be achieved through either physical adsorption or chemical grafting.

50,51

The

adsorption approach typically utilizes surfactants or polyelectrolytes, which rely on
electrostatic interactions and have potential migration issues of adsorbed moieties.

52,53

The chemical grafting approach generates covalent linkages between the CNC and the
grafted moieties. Both small molecules and macromolecules can be semi- irreversibly
attached with this approach. A wide variety of chemical reactions can be utilized to
modify the surface hydroxyl groups of CNC, including oxidation,
etherification,

57,58

54

carbamation,

55,56

and esterification. Among these reactions, esterification is the most

common method, chosen for its simplicity and versatility.

59

In general, esterification

reactions can be categorized into five different groups based on the reagents and catalysts
used: acid halides, acid anhydrides, acid catalyzed carboxylic acids, transesterification
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esters, and in situ activated carboxylic acids, with the most popular being the utilization
of acid halides.

13,60–65

For this reaction, the carbonyl group on the acid chloride or acid

bromide is attacked by the hydroxyl groups of CNCs and produces HCl or HBr as
byproduct. Typically, a base such as pyridine or triethylamine is used to neutralize the
HCl or HBr generated. Another popular method is the utilization of acid anhydrides 66–69
or succinic anhydride.

70

In the case of acid anhydrides, additional catalysts such as

pyridine are typically added to speed the reaction. For acid catalyzed esterification of
CNCs using carboxylic acid, the mechanism is the classic Fischer esterification reaction,
where the carbonyl group on the carboxylic acid is activated with a strong acid.

71

This

method requires carboxylic acids that are soluble in protic solvents . A similar reaction
can also be performed during the acid hydrolysis stage of the CNC production.

72–74

Transesterification is another popular method used to modify CNCs. Typically, the
reaction coincides with the ring-opening polymerization of the reagents, where long chain
polymers can be grafted to the CNCs’ surface and acid or organometallic compounds are
used as catalysts.

75–79

In recent years, more interest has been drawn toward the use of

coupling agents to modify cellulosic materials with carboxylic acids.
common coupling agents include 1’1-Carbonyldiimidazole (CDI),
and 4-Toluenesulfonyl chloride (TsCl).

83–87

81

80

The most

Carbodiimide,

82

Despite having different reaction

mechanisms, these reagents feature the ability to activate the otherwise less reactive
carboxylic acids in a one-pot reaction.
Although the current research literature presents a large database of esterification
methods, it is yet challenging to select the most viable and application-specific method to
hydrophobize CNCs. Reaction efficiency of the methods used in literature is often
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difficult to compare due to differences in CNC source material, structure of grafted
molecule, reactivity of the reagents, and characterization and degree of substitution
calculation method used. The surface chemistry of the starting CNC materials also varies
depending on the acid hydrolysis processing conditions.

7

Sulfuric acid hydrolyzed CNC

has various amounts of sulfate half-esters, while hydrochloric acid treated CNC does
not.88 In addition, the objective and application of each esterification study varies. Often
depending on the applications, the degree of hydrophobicity of modified CNCs needs to
be controlled. Therefore, there is a necessity for a goal-oriented study that compares and
contrasts the different esterification methods with respect to the different types of
functional groups grafted.
In this work, a comparative study of CNC esterification methods with the focus
on controlling the hydrophobicity of CNCs was conducted. Esterification using acid
chloride, acid anhydride, acid catalyzed carboxylic acid, and in situ activated carboxylic
acid were performed. Wood derived CNCs were grafted with different lengths of
hydrocarbons utilizing these methods. To our knowledge, this is the first crosscomparison study of different CNC esterification methods using CNCs from the same
source material.

In addition, the effect of freeze-drying versus solvent exchange

processing before and after the reactions were also evaluated in order to further improve
the hydrophobicity of the grafted CNCs. Dispersibility studies were used to assess the
relative hydrophobicity range of the grafted CNCs. An alternative approach and
mechanism for dispersing grafted CNCs in hydrophobic solvent was also proposed.
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3.2
3.2.1

Methods

Materials
Dimethyl Sulfoxide (DMSO, anhydrous 99.9%), Pyridine (anhydrous 99.8%),

Tetrahydrofuran (THF, anhydrous 99.9%, inhibitor- free), N,N-Dimethylforamide (DMF,
anhydrous 99.8%), Triethylamine (TEA, 99%), 1’1-Carbonyldiimidazole (CDI, reagent
grade), Acetone (ACS reagent), Hydrochloric acid (ACS reagent 37%), Cyclohexane
(99.7%), Hexane (anhydrous 95%), and the reagents listed in Table 3.1 were purchased
from Sigma Aldrich, St. Louis, MO, USA. Methanol (anhydrous 99.8%) and Ethanol
(200 proof) were purchased from VWR, West Chester, PA, USA. All reagents were used
as received without further purification. Freeze-dried CNCs (FD) and 11.9 wt% neverdried CNC suspension in water (ND) were provided by USDA Forest Service-Forest
Products Laboratory (FPL), Madison, WI, USA.89 Both FD and ND are in sulfate halfester form with 0.96 wt% and 1 wt% sulfur, respectively, and have sodium as the counter
ion.
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Figure 3.1 Synthesis routes of CNC esterification reactions that were conducted in
parallel using acid chlorides (route 1), acid anhydrides (route 2), CDI activated
carboxylic acids (route 3), and acid catalyzed carboxylic acids (route 4)
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Table 3.1 Reagents and reaction conditions of CNC esterification reactions of synthesis
routes 1-4
Side
groups
grafte
d

Synthesis
rout
e

Solvent

Acetyl

1

DMF

TEA

2

Pyridin
e

Pyridin
e

3

DMSO

CDI

4

Water

HCl

1

DMF

TEA

2

Pyridin
e

Pyridin
e

3

DMSO

CDI

4

Water

HCl

1

DMF

TEA

2

Pyridin
e

Pyridin
e

3

DMSO

CDI

4

Water

HCl

Hexanoyl

Dodecanoyl

3.2.2

Catalyst

Reagents
(Grade)

Molar ratio
CNC
s urfa c
e OH
group

Rea
gen
t

Ca ta l ys
t

Tem
p (oC)

Time

Acetyl
chloride
(98%)
Acetic
anhydride
(98%)
Acetic acid
(Glacial)
Acetic acid
(Glacial)
Hexanoyl
chloride
(97%)
Hexanoic
anhydride
(97%)
Hexanoic
acid
(99.5%)
Hexanoic
acid
(99.5%)
Dodecanoy
l chloride
(97.5%)
Dodecanoi
c
anhydride
(98%)
Dodecanoi
c acid
(98%)
Dodecanoi
c acid
(98%)

1

3

3

RT

5

Water

1

3

Excess

80

5

Water

1

3

3

80

24

Water

1

10

0.05

80

20

Water

1

3

3

RT

5

Methano
l

1

3

Excess

80

5

Methano
l

1

3

3

80

24

Methano
l

1

10

0.05

80

20

Methano
l

1

3

3

50

5

Methano
l

1

3

Excess

80

5

Methano
l

1

3

3

80

24

Methano
l

1

10

0.05

80

20

Methano
l

(hours
)

Wash
solvent

Esterification of CNCs
Four esterification routes were utilized to graft five different side groups to CNCs.

Reaction conditions were selected according to best results as reported from literature.
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The schematic of the reactions is illustrated in Figure 3.1. Acetyl, hexanoyl, and
dodecanoyl grafted CNCs were synthesized using all four esterification routes, while
Methacryloyl and oleoyl grafted CNCs were synthesized using routes 2 and 3,
respectively. FDs were used as starting materials for routes 1-3, while NDs were used for
route 4. In addition, dodecanoyl and oleoyl were grafted on to both FDs and NDs using
route 3. The accessible surface hydroxyl groups of CNCs used in this study were
calculated to be 2.74 mmol/g for FD and 3.18 mmol/g for ND via method introduced by
Eyley et al.
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3.2.2.1 Dispersion of CNCs in Reaction Solvents
For synthesis route 1, 1 g of dried FDs were initially dispersed in 20 mL DMSO
using a sonifier (S-250D, Branson Ultrasonics Corp., Danbury, CT, USA) at 40%
amplitude and one-second on/off cycles until transparent suspensions were obtained.
DMSO/CNC suspension was first solvent exchanged with THF via consecutive
dispersion-centrifugation steps. Four times volume excess of THF was mixed with
DMSO/CNC suspensions using a vortexer (VWR, West Chester, PA, USA). The mixture
was centrifuged (VWR Clinical 200) at 4000 g for 15 mins. The supernatant was replaced
with fresh THF and the CNCs were redispersed using the vortexer. This dispersioncentrifugation procedure was performed four times. The reason behind this process was
that both DMSO and DMF were good solvent for CNC; therefore, it was difficult to
completely remove DMSO from DMF by direct solvent exchange. At the end of this
solvent exchange process, CNCs were redispersed in DMF with a vortexer. Residual THF
was removed via rotary evaporator. For route 2, FDs were first dispersed in DMSO using
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a sonifier, then directly solvent exchanged with pyridine six times following a similar
procedure as route 1. CNCs were redispersed in excess pyridine after solvent exchange.
For route 3, both FDs and NDs were used. The FDs were dispersed in DMSO using a
sonifier, while the ND suspension was first solvent exchanged with acetone six times and
redispersed in DMSO. Residual acetone was removed via rotary evaporator. For route 4,
ND suspension was directly added to fatty acids regents without additional dispersion
steps.
3.2.2.2 Synthesis Routes for CNC Esterification Reactions
Synthesis route 1 was based on the method developed by Thielemans et al. 90 The
reactions were conducted in a necked round-bottomed flask with magnetic stirring.
CNC/DMF suspension was first added to the flask. TEA was added as a HCl trap. Acid
chloride reagent was added drop-wise to initiate the reaction. An ice bath was used
during acetyl chloride addition. After reagent addition, the temperature was raised to the
corresponding reaction temperatures, listed in Table 3.1. N2 gas flow was introduced to
remove evolved HCl gas.
Synthesis route 2 was based on the method developed by Lin et al.

68

However,

FD was dispersed in pyridine via solvent exchange instead of ultrasonication.
CNC/pyridine suspension was added in a three-necked round-bottomed flask equipped
with a condenser with magnetic stirring. For the methacryloyl grafting reaction,
CNC/pyridine suspension was bubbled with N2 gas overnight before the addition of the
reagent. The grafting reaction was conducted under N2 atmosphere to prevent
crosslinking and side reactions.
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Synthesis route 3 was based on a CDI mediated method developed for cellulose
by Hussain et al.

91

Reaction was conducted in a three-necked round-bottomed flask

equipped with a condenser, under magnetic stirring. CDI were first dissolved in DMSO
and mixed with equal molar ratio of carboxylic acid reagents. The mixture was stirred
overnight at 60

oC

with N2 gas flow to remove evolved CO2 . Afterwards, the

CNC/DMSO suspension produced from either FD or ND starting materials was added to
the mixture to initiate the reaction. Afterwards, the temperature was raised to the
corresponding reaction temperatures, listed in Table 3.1.
Synthesis route 4 was based on a method developed by Espino-Pérez et al.

71

ND

suspension in water was added to a distillation system in order to constantly remove
water. 5% molar equivalent of HCl was added to the reaction flask. Reagents were added
at a temperature above their melting point. Detailed experimental conditions for all
synthesis routes are listed in the Supplementary Information Table 3.1.
3.2.2.3 Extraction and Purification of Grafted CNCs
At the end of each reaction, the grafted CNCs were precipitated from the large
excess of the designated washing solvent listed in Table 3.1. The products were purified
by consecutive dispersion-centrifuge steps, as described in section 2.2.1 (4000 g for 15
mins) to remove residual reactants. As suggested by other researchers, the dispersioncentrifuge method of purification was better suited for nanoscale objects, as it prevented
excess sample loss and had similar efficiency to Soxhlet extraction.

71,92

Grafted CNCs

were either freeze-dried using a lyophilizer (Labconco FreeZone Plus 4.5L) or kept in
their respective washing solvents.
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3.2.3

Esterification of CNCs
3.2.3.1 Fourier Transform Infrared Spectroscopy (FT-IR)
FT-IR spectra of unmodified and grafted CNCs were obtained by making KBr

pellets of the samples and tested in transmission mode (FTIR Spectrum 100, PerkinElmer,
Waltham, MA, USA). Ten scans were taken per sample range, from 450 to 4000 cm-1 ,
with a resolution of 4 cm-1 .
3.2.3.2
13C

13 C

CP-MAS Solid State NMR Spectroscopy

CP-MAS spectra were obtained on a Chemagnetics CMX-400 NMR

spectrometer equipped with a wide-bore magnet and a 5 mm triple-resonance (H-X-Y)
MAS probe. The pulse sequence used was the "cp_toss_pm" sequence from the
spectrometer's pulse program library, which includes the TOSS
techniques. Acquisition parameters included 1 H and

13 C

93

and TPPM

RF field strengths of 50 KHz, a

cross-polarization time of 2 ms, a TPPM decoupling pulse of 7.1 µs, a relaxation delay of
6 s, a data acquisition time of 32 ms with a sweep width of 32 KHz, and a sample
spinning rate of 5.6 KHz. Typically, 1024-2048 scans were acquired (103-206 mins) and
the data were processed with exponential multiplication (line-broadening of 35 Hz) and
zero-filled twice prior to Fourier transformation.
3.2.3.3 Elemental Analysis
To support the solid-state NMR results and check for impurities, elemental
analysis was conducted by Galbraith Laboratories (Knoxville, TN, USA). Carbon,
hydrogen, and oxygen contents were measured for FD CNC and grafted CNCs using
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different methods. The tests were performed twice and the average was used. The degree
of substitution was calculated following the method proposed by Vaca-Garcia et al.

94

3.2.3.4 X-ray Diffraction Analysis (XRD)
Unmodified CNC and grafted CNC powder were pressed into pellets and
mounted on adhesive tapes. They were evaluated in a Bruker GADDS 2D X-ray
diffractometer using a 546 nm Cu Kα source at 30 mA, 10 kV for 360 s and a beam size
of 500 µm at 6.13 cm from detector in transmission mode. The crystallinity, Xc, of
unmodified CNC and grafted CNC was calculated Equation 3.1. 8
𝑋𝑋𝑐𝑐 (%) = (A

Ac

c+

Aa

) × 100

(3.1)

where Ac and Aa represents the total crystalline and amorphous integrated peak areas,
respectively, of deconvoluted XRD patterns. The XRD deconvolution was completed
with MDI Jade 8.5.2 software, in which the measured XRD pattern was fitted using peak
assignments based on idealized powder diffraction patterns of cellulose I and II

95

and

peak shape profiles were assumed to be pseudo-Voigt. Next, a refinement method was
used to minimize differences between the fitted XRD pattern and the measured pattern.
96,97 .

Note that CNC from the FPL process consisted of both Cellulose I and II 89 , which is

a result of using dissolving pulp as a cellulose source material; because of this, the total
crystalline area used in this study was considered to be a contribution of both cellulose
polymorphs.
3.2.3.5 Transmission Electron Microscopy (TEM)
The morphology and ultramolecular structure of FDs, NDs, and acetyl grafted
CNCs samples were evaluated using TEM. Samples were dispersed in either water or
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50/50% v/v methanol/water. Glow-discharged support grids coated with a formvar +
carbon film were floated on sample droplets for 30 s and then floated briefly on droplets
of 2% aqueous Uranyl acetate to negatively stain. Negatively stained images of other
types of grafted CNCs could not be obtained due to aggregation in water and methanol
and inadequate staining using aqueous electron stains. Samples were imaged using a
Philips CM-100 TEM operated at 100 kV, spot size 3, 200 µm condenser aperture, and
70 µm objective aperture. Images were captured in digital form using Gatan Orius
SC200-1 2Mpixel CCD camera (Gatan, Inc. Pleasanton, CA). The magnification bars
were calibrated using a replica grating (Ted Pella Inc, Redding, CA-Product# 607). No
additional image processing or adjustment was conducted. The dimensions of unmodified
and grafted CNCs were measured using the elliptical tool from ImageJ.

98

The longest

axis of the CNC was defined as length. The maximum dimension of the CNC
perpendicular to the length axis was defined as width. 200 to 300 individual crystals were
measured and averaged. Only individual crystals with clearly identifiable edges were
measured.
3.2.3.6 Dispersion Study
To evaluate dispersibility, grafted CNCs were dispersed in solvents with different
Hansen’s solubility parameters (HSP). HSP is a common tool used to evaluate the
solubility of polymers in solvent and solvent blends.

99

HSPs have three components:

dispersion (δ d), polarity (δ p ), and hydrogen bonding (δ H). The total solubility parameter
(δt ) can be calculated using Equation 3.2, which takes interaction energy represented by
all three components into account.99
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δ𝑡𝑡 2 = δ𝑑𝑑 2 + δ𝑝𝑝 2 + δ𝐻𝐻 2

(3.2)

For study of dispersion of grafted samples that were freeze-dried after the reaction,

30 mg of grafted CNCs were sonicated at 20% amplitude for 2 mins in 3 mL of their
respective solvents. The final concentration of CNCs was kept at 10 mg/mL. For
dispersion study of grafted samples that were kept ‘wet’ in their prospective washing
solvent, the weight percentage of grafted CNCs in the ‘wet’ samples was first determined
gravimetrically. The appropriate amount of ‘wet’ samples was added to obtain 30 mg of
grafted CNCs. The appropriate amount of respective solvent was added so that the final
concentration of grafted CNCs was kept at 10 mg/mL. The ‘wet’ samples were dispersed
in their respective solvents using a vortexer. All of the suspensions were left standing
overnight to allow possible sedimentation before they were compared.
3.2.3.7 Dynamic Light Scattering (DLS)
To evaluate the quality of dispersion, grafted CNC suspensions that had no
sedimentations were measured using a Malvern Zetasizer Nano ZS equipped with 633nm
He-Ne laser using a 173 o C scattering angle. The grafted CNC suspensions were diluted
with their prospective solvents to 1 mg/mL concentration (0.1 w/v%). The temperature of
the suspension was regulated at 25.0±0.1 o C. The apparent hydrodynamic radius was
calculated using Stokes-Einstein equation and used as particle size. The suspensions were
measured three times. The mean and standard deviation of the measurements were
reported.
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3.3
3.3.1

Results and Discussion

Grafting Efficiency of Esterification Methods
Acid anhydride (An), acid catalysis (Ac), acid chloride (Cl), and in situ activator

(CDI) mediated esterification reactions of CNC were compared. To understand the role
of reaction type on modification and tune the hydrophobicity of CNCs, side chains with
different hydrocarbon lengths were grafted. To provide a fair comparison between
different esterification methods, reagents with the same length of hydrocarbon chain were
utilized with constant molar ratio between the reagents and the CNC hydroxyl groups for
all methods except the acid catalyzed method, which followed the molar ratio suggested
by Espino-Pérez et al.

71

Due to the lack of analogical compounds, transesterification via

ring opening polymerization was not included in this study. Both qualitative and
quantitative comparisons were conducted on the different esterification methods with
respect to the length of hydrocarbon graft.
FT-IR was utilized to qualitatively evaluate the grafting efficiency of each
esterification method used. Figure 3.2 illustrates the FT-IR spectra of unmodified and
grafted CNCs. The spectra were normalized using the C-C stretch at 1060 cm-1 . The main
demonstration of esterification success was the appearance of carbonyl (C=O) stretch at
1740 cm-1 , which was not shown in unmodified CNCs (FD). The changes of other peaks
in the fingerprint region after modification could affect the peak height at 1060 cm-1 and
lead to inaccuracy during normalization, and impurities from the different methods
complicate results. Nevertheless, the peak height at 1740 cm-1 should provide a rough
comparison among different esterification methods. Based on the peak height at 1740cm-1 ,
Figure 3.2a indicates that the acid anhydride method provided higher efficiency of
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grafting for acetyl side chain. The order of grafting efficiency for acetyl grafted CNCs
based on FT-IR is: An > CDI ~ Cl > Ac. This might be attributed to the utilization of
pyridine as both solvent and catalyst, as pyridine was in excess as a catalyst and had a
strong hydrogen bonding reduction property as solvent. For the hexanoyl side chain,
Figure 3.2b demonstrates the grafting efficiencies were similar among different methods
except for the acid catalyzed method. Figure 3.2c shows that CDI provided higher
efficiency than other reagents for the longest alkyl chain studied. The order of grafting
efficiency for dodecanoyl grafted CNCs based on FT-IR is: CDI > Cl > An > Ac. For all
three types of structures grafted, the acid catalyzed method did not show a significant
peak at 1740 cm-1 , which indicates that these reactions were unsuccessful or had low
efficiency. As stated by Espino-Pérez et al, the acid catalyzed method required water
miscible and high boiling point (>150 o C) carboxylic acids.

71

Hexanoic and dodecanoic

acid have limited miscibility with water. Acetic acid has a boiling point relatively close to
water. These factors were likely the main reasons that led to unsuccessful grafting using
the acid catalyzed method.
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Figure 3.2 FT-IR spectra of unmodified and CNCs grafted with a) acetyl, b) hexanoyl, c)
dodecanoyl, d) methacryloyl and oleoyl side chain using acid anhydrides (An), acid
catalyzed carboxylic acid (Ac), acid chlorides (Cl), and CDI activated carboxylic acid
(CDI). Methacryloyl and oleoyl side groups were only grafted using An and CDI,
respectively. Carbonyl peaks at 1740 cm-1 indicated grafting success

To quantitatively analyze the efficiency of each esterification method,

13 C

solid-

state NMR spectroscopy data were collected. The NMR results of unmodified and
hexanoyl grafted CNCs are shown in Figure 3.3. Signals between 57 and 108 ppm were
assigned to the cellulose resonance from CNCs. New signals in the grafted CNC spectra
indicate the success of the esterification reaction, in which signals between 15 to 40 ppm

48
were assigned to the grafted aliphatic carbons and signals ranged from 170 to 175 ppm
were from the carbonyl carbon. These new signals can be seen most distinctly in the
hexanoyl grafted CNC spectra, as shown in Figure 3.3. New signals between 18 to 38
ppm (C8 to C11 ) were assigned to the aliphatic carbons of the hexanoyl moiety in addition
to carbonyl (C7 ) and terminal (C12 ) carbon at 172 ppm and 14 ppm, respectively. Similar
patterns could be seen in other types of grafted CNCs spectra, suggesting the presence of
aliphatic carbons.

Figure 3.3 13 C solid-state NMR spectra of unmodified (FD) and hexanoyl grafted CNCs
using different methods (An, Ac, Cl, and CDI)
Degree of substitution (DS) was calculated to quantitatively compare the different
methods. Two methods of calculation from literature were employed to calculate DS.
Equation 3.3 shows the first method, which was introduced by Berlioz et al.
DS(C) =

6 × ICO
IC

65

(3.3)
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ICO is the integral of the carbonyl peak. IC is the integral of all the cellulose carbon
peaks. Another method of calculation was first reported by Xiao et al.

75

Instead of using

the carbonyl peak, the terminal carbon peak was used to calculate DS (Equation 3.4).
DS(T) =

6 × IT
IC

(3.4)

IT is the integral of the terminal peak. IC is the integral of all the cellulose carbon

peaks. This method of calculation was beneficial in cases where the carbonyl signal was
too low due to low collection time.
To check the reproducibility of experiments, hexanoyl grafting reactions were
used as a case study. All of the experiments were performed twice. The results indicated
that there were no significant differences between the data obtained from the two separate
trials. The average DS values for hexanoyl grafted CNCs using different methods are
plotted in Figure 3.4.
Figure 3.4 shows that DS is a function of both grafted molecule length and
esterification method. For CNCs modified using acid anhydride and acid chloride, DS
decreased with increases in grafted molecule length. This was caused by the bulkiness of
the reagent leading to lower reactivity. For the CDI activated esterification reaction,
higher molecular weight carboxylic acids initially had higher grafting efficiency than low
molecular weight ones, but with DS decreasing as grafting length further increased,
giving rise to a maximum in DS at the hexanoyl grafted samples. When comparing
between the esterification methods, acid anhydride had the highest grafting efficiency of
all reagents for low molecular weight moieties. The difference in grafting efficiency
between the different esterification methods is most apparent in acetyl grafted CNCs. For
hexanoyl grafted CNCs, the efficiency was similar among all the methods except the acid
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catalyzed method, agreeing with the FT-IR data. According to the calculation method
using the carbonyl carbon, CDI and acid anhydride had higher efficiency than acid
chloride for dodecanoyl grafted samples, while the terminal carbon calculation showed
that all three methods were similar.
In addition to solid-state NMR study, elemental analysis was utilized to verify the
trend found. All grafted CNCs using FD starting materials were measured for their
Carbon, Hydrogen, and Oxygen content. The results are listed in Table 3.2. The
experimental results were corrected to take account of the impurities and surface sulfate
half-ester of the starting material.

92

The absolute DS values calculated with elemental

analysis is higher than the values calculated with NMR. However, the DS trends found
using these two techniques were similar. The higher DS value is likely due to the
presence of impurity in the modified material that did have the expected chemical shift in
solid state NMR. Therefore, they were not included in the NMR DS calculation. For
acetyl and hexanoyl grafted CNCs using CDI, the presence of unexpected nitrogen
content also indicated possible impurities from CDI activated carboxylic acids, which
were difficult to remove due to their similar solubility as grafted CNCs. However, as
longer side groups were grafted, nitrogen content impurities were not present.
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Table 3.2 Degree of substitution of Hexanoyl grafted CNC using different methods
Side groups
FD
Acetyl

Hexanoyl

Dodecanoyl

Methacryloyl
Oleoyl

Modification
Method
An
Ac
CDI
Cl
An
Ac
CDI
Cl
An
Ac
CDI
Cl
An
CDI

C%
40.59
44.55
41.18
42.39
42.96
45.84
41.74
46.59
49.58
51.83
42.27
52.41
54.64
44.36
50.5

N%
H%
Experimental
<0.75 6.16
<1
6.72
<1
6.27
2.44
6.09
<0.5
6.18
<0.5
6.56
<0.5
6.39
0.71
6.77
<0.5
7.17
<1
7.85
<1
6.49
<0.5
7.6
<1
8.68
<1
6.47
<1
6.85

O%
49.66
47.16
50.27
46.48
47.08
44.04
49.6
45.41
41.88
39.88
51.62
38.84
36.75
48.15
39.71

C%
O%
Corrected
44.44 49.38
48.78 46.89
45.09 49.99
46.41 46.22
47.03 46.81
50.19 43.79
45.7
49.32
51
45.15
54.28 41.64
56.75 39.66
46.28 51.33
57.38 38.62
59.82 36.54
48.57 47.88
55.29 39.49

DS

1.99
0.2
0.7
0.99
0.41
0.07
0.48
0.85
0.49
0.05
0.53
0.71
0.48
0.26

Figure 3.4 Degree of substitution (DS) of different esterification methods (An, Ac, Cl,
and CDI) with respect to the grafted moieties calculated using carbonyl (C) and terminal
(T) carbon integration methods with Equation 3.3 and 3.4, respectively
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To further demonstrate the versatility of the esterification reactions, functional
moieties that contain terminal or internal double bonds, such as methacryloyl and oleoyl
were also grafted. These active moieties can potentially polymerize or crosslink during
the esterification reaction, which can lead to undesirable side reactions and the loss of
functionality. Therefore, an appropriate esterification reagent needs to be selected. In this
study, acid anhydride was chosen to graft methacryloyl side group due to the higher DS
that the method affords, while CDI was used to graft the oleoyl side group, since oleic
acid is relatively inexpensive versus its anhydride counterpart. The characterization
results for methacryloyl and oleoyl grafted CNCs are also illustrated in Figures 3.2 and
3.4. Similar to other esterification reactions, the grafting of these moieties was successful.
The double bond structures of the grafted moieties were also preserved after both
reactions. Side reactions of the unsaturated side groups were suppressed, as no extensive
crosslinking of the product was observed. These results indicate that acid anhydride and
CDI can tolerate internal and terminal double bonds, respectively. In terms of grafting
efficiency of these unsaturated moieties, methacryloyl grafted CNCs using acid
anhydride followed the trend suggested by other acid anhydride modified moieties. As
shown in Figure 3.4, oleoyl grafted CNC using CDI followed a similar grafting efficiency
order suggested by the trend, as the low reactivity of the relatively long aliphatic carbon
chain of oleic acid continues reduction in DS.
3.3.2

Morphology and Dimensions of Grafted CNCs
The trend found in Figure 3.4 provided a preliminary guide to select the most

efficient reagent to graft CNCs with aliphatic carbons. Nevertheless, to be a viable
grafting method, the esterification reaction needs to preserve the morphology and
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crystallinity of CNC. TEM microscopy was utilized to evaluate the effect of different
esterification methods on the morphology and dimensions of the CNCs. TEM
micrographs of unmodified and acetyl grafted CNCs were used to estimate particle
dimensions; the results are summarized in Figure 3.5. When the CNC source materials
were compared with each other, the never-dried CNCs (ND) had higher aspect ratios than
freeze-dried CNCs (FD). The difference between ND and FD could be due to batch-tobatch variation of the CNC production process, agglomeration of FD CNC that could not
be broken up when redispersed in water, TEM sample-to-sample variation, etc. Student’s
t-tests were conducted between the measurements of unmodified starting material (FD or
ND) and grafted materials. The only statistically relevant decrease is that acid catalyzed
samples had lower aspect ratios than the never-dried CNC starting material. All other
acetyl grafted samples had statistically higher crystal dimensions than their starting
material. This is partly attributed to low image contrast and to large amounts of
aggregation that was observed in acid catalyzed and acid chloride modified samples,
which led to measurement inaccuracies. This observation agreed with previous report that
protonated acid- form of CNC aggregates in water once dried.
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Also, surface modified

CNCs could potentially have different affinity toward the TEM staining agent than
unmodified CNCs. Notwithstanding these effects, no major changes were observed in
crystal size or morphology.
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Figure 3.5 Summary of average dimensions of unmodified (ND and FD) and acetyl
grafted CNCs using Ac, An, Cl, and CDI esterification methods. (*) Inaccuracy might be
introduced due to aggregation of crystals that lead to measurement difficulties. Error bars
indicate standard deviation.
3.3.3

Crystallinity of Grafted CNCs
To investigate the effect of esterification on crystallinity of the CNCs, X-ray

diffractograms of unmodified and grafted CNCs were collected; these are illustrated in
Figure 3.6. Cellulose Iβ is the dominant polymorph from higher-plant cells
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and the

diffraction profile contains peaks that represent (110), (1 1� 0), (012), (200), and (004)
lattice planes.
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These peaks can be located in Figure 3.6 at 2θ angles of 15.6, 17.5, 21,

23, and 35.3o , respectively. The unusual high intensity of the peak at 21o represents the
existence of cellulose II (i.e. the (110) lattice plane from cellulose II) 103 , which is typical
of CNCs from FPL, an artifact of using dissolved pulp as the source material.
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In
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general, there were no drastic changes in the diffraction pattern after the esterification
reactions. No additional peaks appeared after the esterification process, which
demonstrated that there was no cellulose II converted after the process. To check whether
the esterification method converted crystalline cellulose to amorphous cellulose, the
crystallinity of unmodified and grafted CNCs were calculated and compared. As shown
in Table 3.3, for some of the esterification methods, there was up to an 8.5% decrease in
crystallinity after grafting. However, inaccuracy might have been introduced due to the
appearance of new peaks corresponding to aliphatic chains around 21o after grafting. 13,56
Therefore, more evidence was needed to evaluate the crystallinity of the grafted CNCs.
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Figure 3.6 X-ray diffractograms of never-dried CNC (ND), freeze-dried CNC (FD), and
acetyl a), hexanoyl b), dodecanoyl c), and methacryloyl and oleoyl d) grafted CNCs using
various esterification methods (An, Ac, Cl, and CDI).

To further analyze the crystallinity of unmodified and grafted CNCs, the

13 C

NMR C4 carbon peak separation methods developed by Newman et al 104 were used to
calculate the crystallinity index (CI). The C4 carbon region of unmodified CNC is
illustrated in Figure 3.7. The integral area from 85.5 to 91 ppm was assigned to the
ordered cellulose, while integral area between 80.3 and 85.5 ppm was assigned to

57
disordered cellulose.

76,103,105,106

The CI was calculated by dividing the crystalline region

over the entire C4 carbon region (integral area between 80.3 and 91 ppm). The CI of both
unmodified CNC and grafted CNC are also listed in Table 3.3. The data indicates that
after grafting there was minimal decrease in crystallinity, and in some cases the
crystallinity appears to increase. The increase in crystallinity could be due to inaccurate
peak integration caused by low NMR signal intensity. Similar increases were also
observed in the XRD data. While changes in crystallinity may be occurring, such changes
are modest in comparison to the variability in data. Hence, few trends could be observed.
To investigate the change in crystallinity and degree of substitution, changes of
crystallinity measured using XRD and NMR methods were plotted against degree of
substitution calculated from solid state NMR. There is no clear trend that can be observed
that would indicate changes in crystallinity increased with higher degree of substitution.

Figure 3.7 Evaluation of CNC crystallinity via
C4 carbon

13 C

solid state NMR spectroscopy at the
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Table 3.3 Crystallinity calculated using the XRD peak deconvolution method and the
NMR peak separation method
Grafted
moieties

ND
FD
Acetyl

Hexanoyl

Dodecanoyl

Methacry
-loyl
Oleoyl

Grafting
method

%
Crystallinity
(from XRD)

% Change
after grafting
(from XRD)

% Change
after grafting
(from
SSNMR)

6.3
0.5
2.1
-1.8
9.9
-4.1
-3.3
7.8
7.9
2.9
-4.1
-4.9
0.7

%
Crystallinity
(from
SSNMR)
66.7
63.0
65.6
62.7
65.2
68.1
64.7
65.9
70.5
67.7
62.9
70.9
70.5
71.7
65.3

Ac
An
Cl
CDI
Ac
An
Cl
CDI
Ac
An
Cl
CDI
An

75.5
73.0
77.6
73.4
74.5
71.7
81.2
70.0
70.6
78.7
78.8
75.1
70.0
69.4
73.5

CDI

77.9

6.7

72.0

14.3

4.0
-0.5
3.4
8.0
2.6
4.6
11.8
7.4
-0.3
12.5
11.8
13.7
3.5

Overall, to choose the most viable esterification method to modify CNCs,
multiple factors have to be considered. Depending on the final application, the structure
of grafted moiety or side group is predetermined, which dictates the types of reagents and
esterification method that were allowed. The commercial availability of reagent
structures, especially acid anhydrides and acid chlorides, limits the use of certain
esterification methods. Similarly, acid catalyzed esterification reactions require water
miscible and high boiling point carboxylic acids. An in situ activator, such as CDI, can
resolve this issue, since it enables the use of a broad variety of complex carboxylic acids.
80,91

However, CDI has limitations when dealing with moieties with active protons, such

as terminal double or triple bonds.

80

The price of the reagents is also important to
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consider. Acid anhydride and acid chloride are generally more expensive than their
carboxylic acid counterparts. In recent years, decreased price of production of CDI has
enabled it to become an affordable option.

80

The ease and simplicity of the reaction

process is also a critical factor. For reaction time, the CDI mediated reaction requires an
extra carboxylic acid activation step, which lasts longer than other esterification reactions.
In terms of reaction condition, almost all esterification reagents were sensitive to water,
hence prohibit the use of water as reaction solvent. The acid catalyzed method developed
by Espino-Pérez et al. has an advantage over other methods as it eliminates the use of
solvent.
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Other solvent- less reactions can also be found in literature.

65,107

However, the

versatility of these methods is unknown. The ease of purification is another important
factor. The acid chloride reaction produces HCl as side product, which is either evolved
during the reaction or trapped by TEA or pyridine. The TEA or pyridine HCl complex
has to be removed by washing. Acid anhydride reactions provide an equivalent mole of
carboxylic acid as side product, which is difficult to remove due to their similar solubility
as grafted CNCs. For an acid catalyzed reaction, the side product is water, which is
continually removed during the reaction. CDI mediated reactions produce imidazole and
CO2 as side product. Imidazole is freely soluble in different solvents and can be easily
removed. 80 Ultimately, the final application drives the esterification process. Regardless,
on balance for short chain or widely available reagents, anhydride grafting is optimal. For
surface modifications where the acid anhydride is relatively expensive, CDI grafting is
the better choice.
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3.3.4

Dispersibility of Grafted CNCs in Organic Solvents
A primary goal of hydrophobization of CNCs is to improve their compatibility

and dispersibility in hydrophobic media. Figure 3.8 illustrates freeze-dried unmodified
and grafted CNCs dispersed in solvents (water, ethanol, acetone, THF, and toluene). For
acetyl and methacryloyl groups, the acid anhydride method was used for the grafting
reaction. For hexanoyl, dodecanoyl, and oleoyl groups, the CDI method was used. For
each type of grafted CNCs, the final products were freeze-dried and then added to the
solvents. The suspensions were sonicated and left overnight to let the residual energy
from sonication dissipate and allow for observation of sedimentation height. As shown in
Figure 3.8, the dispersibility of grafted CNC depends both on DS and the length of the
aliphatic chain grafted. Acetyl grafted CNCs had better dispersibility in different organic
solvent than methacryloyl grafted CNCs; despite having fewer hydrocarbons in their side
chain. Even compared to hexanoyl grafted CNCs, acetyl grafted did not sediment in THF,
while hexanoyl grafted CNC did. This effect was due to acetyl grafted CNCs having
higher DS than methacryloyl and hexanoyl grafted CNCs. Similar phenomena could be
seen between hexanoyl and dodecanoyl grafted CNCs. However, as length of the
aliphatic chain became longer, the dispersibility improved, even at low DS value. Oleoyl
grafted CNCs could form a stable dispersion in THF regardless of having the lowest DS
value. The better transparency of the oleoyl grafted CNC suspension in THF indicated
that particle aggregation size was smaller, which demonstrated better dispersion. Overall,
the dispersibility of grafted CNCs after freeze-drying was low, which could be attributed
to the hydrogen bonding of residual unreacted hydroxyl groups on the CNC surface.
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Figure 3.8 Dispersion of unmodified freeze-dried CNCs and grafted CNCs in solvents.
Freeze-dried CNCs are used as starting materials for the grafting reactions. The grafted
CNCs were freeze-dried before redispersion. The concentration of CNCs was kept at 10
mg/mL.
To improve dispersibility, grafted CNCs were kept in their washing solvent after
centrifugation as concentrated gel- like form. These ‘wet’ samples were then redispersed
in organic solvents (water, ethanol, acetone, THF, and toluene. For oleoyl grafted CNC,
cyclohexane and hexane were also included to extend the solvency range of grafted CNC.)

62
For comparison, never-dried CNCs were also dispersed in these solvents. Figure 3.9
shows the images of these suspensions from ‘wet’ samples. The presence of residual
washing solvent altered the HSP value of the final solvent in the suspension. The HSP of
the solvent mixture used in Figure 3.9 were calculated using the individual HSP
components of each solvent and their volume ratio.99 Due to the low content of the
washing solvent, the overall HSP value of the solvent mixture did not change drastically
when compared to that of the pure solvent. However, as shown in Figure 3.9, the
dispersibility of grafted CNCs was improved overall when they were kept as ‘wet’.
Teas plots were created and illustrated in Figure 3.10 for each types of grafted
CNC using fractional HSP for solvent and solvent mixture used in the dispersibility test.
Completely dispersed samples were marked as solid colored dots. Semi-dispersed sample
with sedimentation height higher than half of its original height were marked as light
colored dots. Samples with sedimentation height lower than half of its original height
were marked as hollow dots. Base on available data, dispersibility windows of grafted
CNCs were estimated by outlining around the solid colored dots and overlapping the light
colored dots. As shown in Figure 3.10, the dispersibility windows for ‘wet’ grafted CNCs
generally increased in size and shifted toward the lower right corner as compared to the
freeze-dried grafted CNCs. When freeze-dried grafted CNCs were sonicated in the same
solvent mixture as their ‘wet’ counterparts, they could not be dispersed. This effect
further indicated that the low dispersibility was due to the dried CNCs forming strong
hydrogen bonds that lead to aggregation. The Teas plot can also serve as a comparison
tool for dispersing grafted CNC into polymer. A certain polymer that has a solubility
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window in similar region on the Teas plot as a type of grafted CNC should have good
compatibility.

Figure 3.9 Dispersion of unmodified never-dried CNC and ‘wet’ grafted CNCs in
solvents. Residual washing solvent from the ‘wet’ grafted CNC and the test solvent
created solvent mixtures. Freeze-dried CNCs are used as starting materials for the
grafting reactions. The final concentration of CNCs was kept at 10 mg/mL.
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Figure 3.10 Teas plots of unmodified (Part a) and grafted CNCs (Part b-f). The grafted
CNCs were kept in freeze-dried and ‘wet’ form. Residual wash solvents from the ‘wet’
form were taken into account.
As suggested by Tian et al, grafted CNCs using freeze-dried and solventexchanged starting materials have different dispersibility and surface accessibility.

77

To
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evaluate this effect, additional trials of esterification reactions were conducted utilizing
never-dried CNCs that were solvent-exchanged from water. The CDI esterification
method was chosen as it was easily amenable toward the use of never-dried CNCs.
Dodecanoyl and oleoyl groups were grafted. These grafted CNCs were also kept in both
freeze-dried and ‘wet’ form. Figure 3.11 illustrates the images for these suspensions. The
dispersibility of dodecanoyl and oleoyl grafted CNC were improved when solvent
exchanged source materials were used. For oleoyl grafted CNCs, the dispersibility in
ethanol and acetone was decreased. This effect indicated that overall hydrophobicity of
oleoyl grafted CNCs was improved. These results agreed with the trend found by Tian et
al.
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A similar trend could be seen when these grafted CNCs were kept ‘wet’, as shown

in bottom images of Figure 3.11. When comparing between ‘wet’ oleoyl grafted CNCs in
Figures 3.9 and 3.11, samples from solvent exchanged source materials had lower
sedimentation in hexane than samples using freeze-dried source materials. The higher
dispersibility of grafted CNCs using solvent exchange materials was likely due to the
surface hydroxyl group being more accessible for modification. As shown in Figures 3.8
and 3.11, the DS values for grafted CNC using solvent exchanged starting material was
higher than their freeze-dried counterparts.
To further evaluate the dispersion of grafted CNC in solvents, DLS was utilized to
determine the size of grafted CNC aggregation. The apparent hydrodynamic radius of the
suspensions was calculated and illustrated in Figure 3.12. FD and ND suspensions in
water were used as reference; as shown in Figure 3.12a. The hydrodynamic radius
measured for FD and ND CNCs agreed with the TEM results in Figure 3.5. The ND CNC
suspension that was not sonicated had small aggregation; close to 120nm. For the
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dodecanoyl grafted CNCs in Figure 3.9, samples with no sedimentation were measured
and compared in Figure 3.12b. The DLS results indicated the aggregation size increased
as solvent became more hydrophobic. This is likely caused by the low DS value. For
other grafted CNC dispersions, acetone was used as the solvent of interest. As shown
Figure 3.12c, for grafted CNCs that used FD as starting materials, dried samples had
either had sedimentation (methacryloyl and dodecanoyl) or larger aggregations than ‘wet’
samples These results further suggested that keeping the samples ‘wet’ is a viable method
to obtain good dispersion in solvent. For dodecanoyl and oleoyl grafted samples using
ND starting material in Figure 3.12d, dried and ‘wet’ samples had similar aggregation
size in acetone. Compare to Figure 3.12c, these samples had smaller aggregation than
their freeze-dried counterparts in general. This is likely due to the higher DS of the
samples using ND starting material.
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Figure 3.11 Dispersion of grafted CNCs in solvents using never-dried CNCs as starting
materials. Samples in the top two images were freeze-dried after the reaction. Samples in
the bottom two images were kept ‘wet’ in their washing solvents. The final concentration
was kept at 10 mg/mL.
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Figure 3.12 Dimensions of unmodified and grafted CNCs in solvents determined by DLS;
a) Sonicated FD and ND CNC suspensions in water. ND* represents ND suspension that
was not sonicated. b) Wet dodecanoyl grafted CNC from Figure 3.9 in various solvents. c)
Various types of grafted CNC from Figure 3.8 and 3.9 in acetone. d) Dodecanoyl and
oleoyl grafted CNCs using ND starting material from Figure 3.11 in acetone.
The potential mechanism behind the improved dispersibility of ‘wet’ grafted
CNCs was that the washing solvents served as a compatibilizer for the bulk solvent. The
washing solvent used in this study was water, methanol, or ethanol. These solvents,
especially ethanol, are miscible with various hydrophobic solvents. In addition, they have
hydroxyl groups that can form hydrogen bonds, which can potentially bind with
unreacted residual surface hydroxyl groups on the CNCs and block their interactions with
each other and the organic solvent. Hence, the dispersibility of grafted CNCs was
improved by preventing aggregation. The potential mechanism of action is illustrated in
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Figure 3.13. By utilizing this method, the range of dispersibility of grafted CNCs was
expanded. As shown in Figure 3.11, dodecanoyl grafted CNCs were able to disperse in
ethanol, acetone, THF, and toluene with less than 10% by volume of methanol.
Potentially, other more hydrophobic solvents could be used as the washing solvent to
further improve the dispersibility of the grafted CNCs in hydrophobic media. However,
the product yield of the extraction process using different washing solvents requires
further investigation. For nanocomposite applications, CNCs, as fillers, can form
hydrogen bonds between each other and lead to a percolation network that improves the
mechanical properties of the overall nanocomposite.
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However, surface modification

with high DS could decrease the ability of CNCs to form percolation networks despite
improving their dispersibility in the polymer matrix. In order to manage these two
competing effects, a balance needs to be found during surface modification. The
mechanism proposed in this study could improve the dispersibility of modified CNCs
while preserving their capability to form hydrogen-bonding networks. However, there is
need for precise control of degree of substitution in order to explore the relationship
between surface modification and hydrogen bonding capability of CNCs.
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Figure 3.13 Proposed mechanism of ethanol acting as compatibilizer for oleoyl grafted
CNCs in cyclohexane.
3.4

Summary

Surface esterification methods of CNCs via acid anhydride, acid chloride, acid
catalyzed carboxylic acid, and in situ activated carboxylic acid were compared. Acid
anhydride had better grafting efficiency than other reagents for low molecular weight
moieties with short aliphatic chains. For long chain aliphatic grafts, utilizing CDI was a
more viable approach, due to greater availability of grafting moieties in carboxylic acid
form. The ultramolecular structure and crystallinity were not affected by the grafting
reactions. The dispersibility of grafted CNCs in organic solvents could be improved by
utilizing never-dried CNCs before the reactions and keeping the grafted CNCs wet after
the reaction. The washing solvents served as a compatibilizer for these wet grafted CNCs
and expanded the range of their hydrophobic dispersibility.
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CHAPTER 4. INDUCTION OF SHEAR BANDING AND CRYSTAL STRUCTURE
TRANSFORMATION IN POLYAMIDE 11 BYSURFACE MODIFIED
CELLULOSE NANOCRYSTALS

4.1

Introduction

Polyamide 11 (PA11), produced from castor oil, is one of the performance
thermoplastic polymers derived from renewable resources.109 Current applications for
PA11 include pipes, tubing, and fuel lines for automotive and offshore oil applications.
PA11 is a semicrystalline polymer with good thermal stability and chemical
resistance.109,110 Compared to other polyamides, such as PA6 and PA6/6, it also has good
resistance to moisture and is generally used as a replacement for PA12.111 Other
intriguing properties of PA11 include its piezoelectric and ferroelectric properties.112,113
Many research studies have been focused on improving the properties of PA11 by
making composite materials. Graphene oxide,114 glass,115 silica,116,117 clay,118–121 and
different types of carbon nanotubes (CNT) 122–125 are some of the commonly investigated
fillers. The addition of these fillers usually leads to improved mechanical properties and
thermal stability. Nevertheless, reinforcing nanoparticles derived from renewable sources
are more desirable to keep the inherent sustainability of PA11.
There were many studies on cellulose-based composites of the polyamide family
of polymers.126–131 Kiziltas et al. incorporated microcrystalline cellulose (MCC)
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into PA6 using a twin screw extruder, and observed increasing storage modulus.127
Correa et al. focused on improving the processability and thermal stability of CNC during
high temperature processing by coating CNC with PA6 first.129 Nicharat et al. achieved a
similar goal by using phosphoric acid hydrolyzed CNC in a PA12 composite.131
Panaitescu et al. fabricated a PA11/CNC nanocomposite by melt mixing, and reported an
increase in modulus and strength.128,130 One common trend found among all the studies
on CNC/polyamide nanocomposite was the reduction of ductility of polyamide with
addition of CNC. It is a common trade-off for composite materials. As stiffness and
strength of the composite increase, strain at failure decreases.132 For other types of filler
materials, Nie et al. reported increased strength and toughness of CNT/PA11 composite
through improved interfacial load transfer by utilizing a nanohybrid shish kebab structure,
which was synthesized through controlled crystallization of PA11 on the CNT surface.122
For all these studies, in addition to favorable interfacial interaction, another commonality
was the utilization of high aspect ratio reinforcing fillers.
In this study, surface modification was performed on CNCs to improve their
interfacial interaction and dispersibility in PA11. CNCs were modified with fatty acid
side chains and dispersed in a co-solvent blend with PA11. Nanocomposite films were
fabricated by solvent casting, followed by melt compression molding. To study the
mechanism of action, an ester of aliphatic fatty acid with similar structure to the side
chains of modified CNCs was added with unmodified CNC. The mechanical and thermal
properties of different types of CNC/PA11 nanocomposite were investigated.
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4.2
4.2.1

Methods

Materials
11.8 wt% never-dried CNC suspension in water was provided by USDA Forest

Service-Forest Products Laboratory (FPL), Madison, WI, USA.89 Dimethyl Sulfoxide
(DMSO, anhydrous 99.9%), 1’1-Carbonyldiimidazole (CDI, reagent grade), Acetone,
(ACS reagent), Dodecanoic acid (98%), Methyl laurate (ML, 98%), Formic acid (95%),
Dichloromethane (DCM, 99.5%), and PA11 (Mv= 20,000) were purchased from Sigma
Aldrich, St. Louis, MO, USA. Ethanol (200 proof) were purchased from VWR, West
Chester, PA, USA.
4.2.2

Surface Modification of CNC
CNCs were modified using CDI and dodecanoic acid to generate dodecanoyl

grafted CNC (CNC_d). CNCs were first solvent exchanged from never-dried water
suspension to acetone and then to DMSO. Dodecanoic acid was first mixed with CDI for
24 hours. Subsequently, CNC/DMSO suspension was added to initiate the modification
reaction. The reactions were carried out at 90 o C for 72 hours. CNC_d was purified and
stored in ethanol. The detailed reaction procedure can be found elsewhere.133 Elemental
Analysis of CNC_d samples was conducted by Galbraith Laboratories (Knoxville, TN,
USA). Carbon, hydrogen, and oxygen contents were measured for CNC_d and used to
calculate degree of substitution and the weight fraction of grafted side chain in the sample.
4.2.3

Fabrication of CNC/PA11 Nanocomposite
CNC/PA11 nanocomposites were fabricated via solvent casting followed by

compression molding. PA11 pellets were dissolved in 50/50 v/v% formic acid/DCM
suspension using an ultrasonication bath.134 For unmodified CNC/PA11 nanocomposite,
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CNCs were solvent exchanged from never-dried CNC suspension in water to acetone first
and then redispersed in formic acid. Acetone was removed using a rotary evaporator. For
CNC_d/PA11 nanocomposite, CNC_d was solvent exchanged from ethanol to formic
acid and redispersed in DCM. For CNC+ML/PA11 nanocomposite, Methyl Laurate (ML)
was added to CNC/formic acid suspension so that the ML to CNC weight ratio was the
same as the grafted side chain to CNC ratio in CNC_d samples. These CNC, CNC_d, and
CNC+ML suspensions were combined with PA11 suspensions. The formic acid and
DCM volume ratio were adjusted in order to be consistent for all samples. The
nanocomposite suspensions were cast in glass petri dish. Solvents were removed via
vacuum oven at 100o C for 8 hours to generate a nanocomposite pre-film.
To fabricate nanocomposite films, pre- films were compressed at 190 o C under a
hot press between two PTFE interlayers. The samples were pre- heated at 190 o C for 5
minutes, compressed under 1000 psi pressure for 2 minutes, and subsequently water
quenched to room temperature. A separate set of CNC_d nanocomposite specimens was
compressed at 210

oC

following the same procedure. Table 4.1 listed the final

composition of CNC/PA11, CNC_d/PA11, and CNC+ML/PA11 nanocomposite films.
The final film thickness was around 150 µm.
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Table 4.1 Summary of Nanocomposite compositions
Filler Type
CNC

CNC_d

CNC+ML

4.2.4

Filler wt%
1
3
5
7
10
1
3
5
7
10
1
5
10

CNC wt%
1
3
5
7
10
0.55
1.65
2.75
3.85
5.5
0.55
2.75
5.5

Side chain wt%

ML wt%

0.45
1.35
2.25
3.15
4.5
0.45
2.25
4.5

Tensile Testing
Tensile testing specimens were prepared by laser cutting dog-bone shapes out of

nanocomposite films, following ASTM D638 Type IV sample dimensions proportionally
decreased by 50%. The gauge length was 12.5 mm. The specimens were tested using
MTS insight universal tensile testing machine (MTS system Corp., Eden Prairie, MN,
USA) at 2 mm/min. Ten replicates were tested for each type of specimen. The average
and standard deviation were reported. Student t-tests were conducted with threshold level
set at 0.05. The tensile testing process was recorded using a Canon 60D digital camera.
The fractured specimens were observed using a CarlZeiss (Thornwood, NY, USA)
inverted microscope.
4.2.5

Scanning Electron Microscopy (SEM)
The fracture surface morphologies of PA11 and nanocomposites were

investigated using a Phenom Pro Desktop SEM (Phenom-World B.V., Eindhoven, The
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Netherlands). The fracture surface of each specimen was mounted on carbon tape and
sputter-coated with gold.
4.2.6

Dynamic Mechanical Analysis (DMA)
Neat PA11, CNC/PA11, CNC_d/PA11, and CNC+ML/PA11 nanocomposites

were measured with DMA (Q800 TA instruments, New Castle, DE, USA). The
specimens were cut into 20 mm by 6.4 mm strips with gap separation of 10-11mm and
tested under tension. Tests were conducted from -100 o C to 150 o C with a heating rate 10
o C/min,

4.2.7

strain amplitude of 15 µm, and frequency of 1 Hz.

Differential Scanning Calorimetry (DSC)
4.2.7.1 Processing History Study
DSC measurements were conducted on Neat PA11, CNC/PA11, CNC_d/PA11,

and CNC+ML/PA11 nanocomposite specimens using TA Q100 (TA instruments, New
Castle, DE, USA). 8-10 mg of each sample were measured under Nitrogen atmosphere in
aluminum pans. The samples were first equilibrated at -50 o C, followed by heating to 250
oC

at 10 o C/min, then cooled down to -50 o C at 10 o C/min, and finally heated back up to

250 o C at 10 o C/min. The cooling rate was changed to 1, 5, and 20 o C/min for
crystallization studies. The degree of crystallinity (Xc) of PA11 and nanocomposites were
calculated using Equation 1:
𝑋𝑋𝑐𝑐 (%) =

∆𝐻𝐻𝑓𝑓

𝑤𝑤×∆𝐻𝐻𝑜𝑜

× 100

(1)

∆Hf and ∆Ho are the heat of fusion of nanocomposites and 100% crystalline PA11, which
is 226.4 J/g, respectively.135 w is the weight fraction of PA11 in the nanocomposites.
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4.2.7.2 Isothermal Annealing Study
To explore the potential crystal structure changes, an isothermal annealing study
was conducted on PA11 and different types of nanocomposite specimens. The specimens
were first fabricated via solvent casting as described in Section 4.2.3. These specimens
were then heated rapidly to 187 o C in DSC and held at 187 o C isothermally for different
amounts of time. The specimens were then cooled at 20o C/min to 0 o C, followed by
heating to 220 o C at 10 o C/min. The final heating ramp was used to monitor the crystal
structure change by measuring the melting temperature and the heat of fusion (∆Hf ) of
the crystalline peaks. ∆Hf was calculated by integrating the crystalline peaks with
OriginPro 2015.
4.3

Results and Discussions

In order to better disperse CNCs in PA11, CNCs were surface modified with
dodecanoic acid and CDI to create dodecanoyl CNC (CNC_d). The detailed structure of
CNC_d was listed in a previous work.133 Solid state nuclear magnetic resonance
spectroscopy, X-ray diffraction, and elemental analysis were conducted on CNC_d. From
elemental analysis, the weight fraction of CNC and grafted side chain in the CNC_d
samples were calculated to be approximately 55 wt% and 45 wt%, respectively. To
isolate the effect of side chains, methyl laurate (ML) was chosen as an analogous
structure to the dodecanoyl side group of CNC_d. Keeping the same weight ratio of CNC
and aliphatic group, ML was added to PA11 along with CNC to create CNC+ML
nanocomposite specimens.
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4.3.1

Tensile Properties
Uniaxial tensile tests were performed on neat PA11 and nanocomposite

specimens. The results are summarized in Figure 4.1. Some of the representative curves
are illustrated in Figure 4.2. As shown in Figure 4.1a, the CNC and CNC_d have similar
effects on Young’s Modulus of PA11 except at high concentration, where CNC continues
to stiffen PA11, yet CNC_d reinforced samples reach a plateau. This could be attributed
to potential aggregation of CNC_d at high loading concentrations. Specimens with CNC
and ML have different effects on modulus compared to CNC and CNC_d specimens.
Statistical analysis indicates that there is no significant change in Young’s Modulus when
CNC+ML specimens are compared with neat PA11. This could be the result of
competing effects of CNC as reinforcing material and ML as plasticizer. For ultimate
tensile strength (UTS) of the samples, the trend is similar for all three types of
nanocomposites. As shown in Figure 4.1b, the strength of nanocomposite increases as
CNC loading increases in the sample. Strain at failure (SAF) and work of fracture (WOF)
results are shown in Figure 4.1c and d, respectively. The WOF of the specimens was
calculated as the integral area under the stress-strain curve. The plasticizing effects of ML
can be clearly found in the CNC+ML specimens, as SAF and WOF of these specimens
have statistically significant increases compared to neat PA11 and other nanocomposite
specimens. Both CNC and CNC_d specimens display initial increases in toughness at low
loading percentage, follow by decreases at high loading percentage. Noticeably, the slight
decrease in toughness reaches a plateau for CNC_d samples, where it continues to
decrease for CNC specimens. This could be attributed to the plasticizing effects of the
dodecanoyl side chain of CNC_d. In order to further distinguish the contribution of CNC
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in the nanocomposite, the mechanical properties were normalized and compared in terms
of their actual CNC content. The results are illustrated as dotted lines in Figure 4.1.
CNC_d, which were a surface modified form of CNC, leads to a higher increase in
Young’s modulus at lower weight percentage than unmodified CNC. This could be
associated with the better dispersibility of CNC_d in the PA11 matrix. Overall, CNC_d
takes advantages of both CNC and the aliphatic plasticizer. These surface modified CNCs
have stiffening abilities similar to that of unmodified CNC, while simultaneously
preventing reduction of ductility caused by high level of CNC content. Previous studies
have shown that simultaneous increase of toughness and modulus could be achieved for
CNT reinforced polymer composite with either surface grafted dispersant
addition of dispersant.
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or bulk

In both studies, the dispersant had a chemical structure similar

to the matrix polymer, hence improved interfacial interaction between CNT and the
matrix polymer. For our study, both ML and dodecanoyl side chain have similar aliphatic
structures as PA11. However, drastic improvement of both toughness and stiffness are
not observed in this case. This could be attributed to the amide hydrogen bonding
network governing the mechanical performance of PA11 and dominating the interfacial
interaction between CNC and PA11. As shown in Figure 4.1d, unmodified CNC, which
could potentially form hydrogen bonds with amide groups in PA11, also led to
improvement of toughness at 1-3 wt%. To further investigate the mechanical behavior of
PA11 and its nanocomposites, fracture surfaces of tensile specimens were investigated
using SEM.
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Figure 4.1 Mechanical properties of PA11 nanocomposites. a) Young’s Modulus, b)
Ultimate tensile strength (UTS), c) Strain at failure (SAF), and d) Work of fracture
(WOF). The dotted lines represent the results that were normalized to the actual CNC
content in the nanocomposite.
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Figure 4.2 Stress-strain curves of uniaxial tensile tests for neat PA11 and a) 1wt%, b)
5wt%, c) 10wt% of CNC, CNC_d, and CNC+ML.

4.3.2

Morphology of Fracture Surface
Figure 4.3 illustrates the fracture surface of PA11 and different types of

nanocomposite tensile specimens. Different morphologies of the fracture surfaces are
observed. In Figure 4.3a, neat PA11 has areas of both brittle fracture surface and
fibrillation. However, brittle fracture surfaces dominate most of the areas for the neat
PA11 specimen. For the CNC_d PA11 specimen, there are also fibrillation and pull-out
regions on the fracture surface, as shown in Figure 4.3b. In areas without fibrillation, a
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highly porous surface is observed. This could be attributed to cavities formed within the
specimen during the tensile test. The forming of these cavities could help dissipate
additional energy. Similar mechanisms were also found in rubber toughened PA for
which the cavities elongated and evolved into fine fibrils.138 Previous reports have also
attribute these cavities to the stress whitening effect.138,139 They could have been
generated due to local inhomogeneous deformation.140 For CNC PA11 nanocomposites in
Figure 4.3c, the fracture surface is similar to that of neat PA11 but with fibrillation in
most of the areas. For CNC+ML nanocomposite specimens, there is nearly no brittle
fracture surface, as Figure 4.3d shows, which is likely due these specimens being
severely plasticized and underwent ductile failure during tensile test. Similar to CNC_d
specimen, areas of voids and cavities are also found in CNC+ML specimens. However,
the concentration of these voids is lower and the size of fibrils generated is bigger for
CNC+ML specimens.

Figure 4.3 Fracture surface of a) neat PA11 and PA11 nanocomposite with b) 5wt%
CNC_d, c) 5wt% CNC, and d) 5wt% CNC+ML. Scale bar is 20 µm
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4.3.3

Morphology of Fracture Surface
In addition to changing the mechanical properties of PA11, the CNC_d reinforced

nanocomposite also generated shear band structures near the fracture zone. Figure 4.4
illustrates the pictures of broken tensile specimen of PA11 with different types of
reinforcement. The micrographs of these specimens are depicted in Figure 4.5. At 1 and 3
wt% of CNC_d, the shear band structures are dense and more concentrated near the
fracture tip, where at 5 and 7 wt% of CNC_d, these structures are sparser and more
dispersed throughout the specimen. For 1 wt% CNC_d specimen, necking of the
specimen is also observed. In Figure 4.2f, the 5 wt% CNC_d specimen was observed
under two crossed polarizers at 0 and 90o . The samples are the brightest at 45o from the
polarizers, which indicates that the polymer chains were aligned with the elongation axis.
Figure 4.5f also shows that these shear band structures were generated at angles less than
45o to the elongation axis. This is similar to the conventional shear bands formed during
compression of polymers, which propagated at angles between 35o to 42o to the
compressive axis.
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The process of shear banding formation in CNC_d nanocomposite

was also investigated through video capturing of the tensile test. Figure 4.6 presents the
screen shots of neat PA11 and 5 wt% CNC_d nanocomposite tensile tests. For neat PA11
in Figure 4.6a, a necking event is observed, followed by failure in the necking region. For
the 5wt% CNC_d specimen in Figure 4.6b, as the shear bands were formed, they led to
localized stress whitening, which caused to sample to appear less transparent as the test
progressed. Some of the shear bands were nucleated from small defects or notches along
the edge of the specimen. These defects and notches were formed when the specimens
were cut from a bulk nanocomposite film. Similar stress whitening effects are also found
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in CNC+ML nanocomposite specimens, as the macrograph in Figure 4.4c indicates.
However, these whitening zones were more concentrated. The sparse shear band- like
structure was not observed. These stress whitening effects were likely associated with the
alignment of the polymer chains near the fracture zone. In addition, the formation of
shear bands in CNC_d/PA11 nanocomposite was independent of the thickness of the
sample. Shear bands that ranged from 120 to 250 µm were observed in CNC_d/PA 11
nanocomposite.

Figure 4.4 Macrographs of fractured a) neat PA11 and CNC_d/PA11 nanocomposite, b)
CNC/PA11 nanocomposite, and c) CNC+ML/PA11 nanocomposite.
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Figure 4.5 Micrographs of fractured a) neat PA11 and CNC_d PA11 nanocomposite with
b) 1 wt% CNC_d, c) 3 wt% CNC_d, d) 5 wt% CNC_d, e) 7 wt% CNC_d. In part f), 5wt%
CNC_d Polyamide11 nanocomposites were observed and rotated under crossed
polarizers. Micrographs in part f) has the same magnification as part d).
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Figure 4.6 Freeze frames of videos of a) neat PA11 and b) 5wt% CNC_d/PA11
nanocomposite uniaxial tensile tests

It is very difficult to isolate the mechanism that led the formation of shear bands
in CNC_d/PA 11 nanocomposites. Shear band phenomena have long been observed for
glassy amorphous polymers such as polystyrene (PS) and poly(methylmethacrylate)
(PMMA).141 For glassy polymers, there are generally two intrinsic deformation modes:
shear yielding and crazing. These two failure modes are often competing with each
other.141 Crazing is usually caused by formation of a thin region of craze that consists of
interconnected microvoids and fibrils. Polymers that undergo craze failure typically show
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limited ductility.142,143 On the other hand, shear yielding is the formation of shear bands
that are typically caused by localized plastic deformation. Ultimately, ductile failure is
usually observed.142,143 The generation of one phenomenon over the other is governed by
a number of factors, such as type of polymer, temperature, testing mode, and strain
rate.141 For semi-crystalline polymers, studies on the formation of shear band are very
limited. Most of the studies have been focused on shear bands formation under
compression and impact testing.140,144,145 For polyamide, many studies have reported
shear band formation in rubber modified polyamide.138,144,145 The low modulus rubber
particle acts as a stress concentrator, and enhanced both craze and shear band formation,
which increased the toughness of polyamide. However, it is difficult to correlate the shear
band- inducing effects of a rubber particle to surface modified CNC nanoparticles. These
CNC_d nanoparticles are considered high modulus filler and stiffen the polymer matrix,
as seen in Figure 4.1a. Also, as shown in Figure 4.1c, toughness does not increase for
most of CNC_d specimens that have shear bands. The main toughening mechanism was,
rather, due to the necking of the specimen, as shown in Figure 4.5b. Nevertheless,
introducing plasticizer into a thermoplastic polymer usually reduces the shear yield stress
more than the stress needed for craze formation.146,147 CNC_d , which has plasticizing
groups attached to the nanoparticle surface, could have caused localized reduction of the
critical shear yielding stress and acted as shear band nucleators. In contrast, CNC+ML,
which has plasticizer ML freely dispersed in PA11, had changes in bulk material
properties instead of shear band formation. Overall, it is difficult to conclude that the
origin of the shear band formation in CNC_d nanocomposite specimens was due to
structure of CNC_d having a high modulus CNC core and plasticizing surface chains,
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which have competing effects on the brittle-ductile transition of the matrix polymer.
Nevertheless, nucleation of shear band may be a promising route to toughening for future
CNC based polyamide nanocomposites.
4.3.4

DMA Analysis
The mechanical properties of PA11 and nanocomposites were further studied

using DMA. Storage modulus (E’) as a function of temperature is illustrated in Figures
4.7 and 4.8, respectively. For the CNC reinforced PA11 in Figure 4.7a, E’ increases at
temperatures above and below the glass transition temperature (Tg ). This result agrees
with other studies of CNC reinforced polymer nanocomposites.21,26,131 For CNC_d
reinforced PA11, E’ curve also shifts to the right when compared with neat PA11,
indicating increases throughout the entire temperature range, as shown in Figure 4.7b.
For the CNC+ML reinforced PA11 in Figure 4.7c, E’ is lower at temperatures below Tg
at 1 wt% loading. As loading increased to 5 wt%, E’ is increased both above and below
Tg . However, at 10 wt%, the E’ above Tg does not increase significantly compared to 5
wt% CNC+ML. This could have been attributed to the decrease in Tg with the addition of
ML. Overall, these results indicated that ML plasticized the PA11 matrix and had effects
competing against CNC on E’ of the nanocomposite. As shown in Figure 4.7d, as
different types of nanocomposite specimens with similar amounts of CNC content are
compared, E’ above Tg increases for all the nanocomposites. This result showed that
CNC had a more dominating effect on E’ above Tg regardless the addition of plasticizers.
For CNC_d and CNC+ML specimens in Figure 4.7d, the E’ below Tg does not have the
same amount of improvement as specimens with only CNC added. This indicated that the
plasticizers had more significant effects in the glassy state of PA11. Despite having the
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same amount of plasticizer as CNC+ML specimens, CNC_d specimens were not severely
plasticized. This result indicated that having plasticizers grafted to the surface of CNC
minimized their effects on the polymer matrix at temperatures above and below Tg .
Relaxations of PA11 and nanocomposites are investigated using the Tan δ data
illustrated in Figure 4.8. For the α relaxation that is associated with Tg and centered
around 50 to 70 o C, there is a shift to higher temperature in all types of nanocomposite
specimens. However, as shown in Figure 4.8d, CNC_d had the highest increase in Tg
when specimens with similar amounts of CNC were compared. The peak around centered
at -100 to -50 o C is associated with the β relaxation of PA11. It represents the local chain
motion and conformational change.
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For all specimens, a slight increase in the β

relaxation temperature is observed, which indicates the CNC potentially led to a
reduction of free volume in PA11 and hindered these chain motion and conformational
changes.

Figure 4.7 Storage modulus of neat PA11 along with nanocomposite reinforced with
CNC a), CNC_d b), and CNC+ML c). In part d), PA11 nanocomposites with different
types of filler at similar amount of CNC were compared.
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Figure 4.8 Tan δ of neat PA11 along with nanocomposite reinforced with CNC a),
CNC_d b), and CNC+ML c). In part d), PA11 nanocomposites with different types of
filler with similar amount of CNC were compared.

4.3.5

DSC Characterization
DSC characterization was conducted on PA11 and its nanocomposites in order to

explore the addition of fillers on thermal and crystallization properties of PA11. All
specimens used in the DSC study underwent the same processing procedure as the tensile
testing specimens, which was solvent casting followed by compression molding. A
heat/cool/heat cycle was adopted in order to evaluate the glass transition, crystallization,
and melting process of PA11 and different types of nanocomposites. Tg of the specimen
was measured during the first heating ramp, since the transition was not apparent in the
second heating ramp due to the cooling rate. Similar to the DMA results, Tg increases
slightly when compared to the neat PA11 for unmodified CNC nanocomposites. In
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addition, the CNC+ML specimen had lower Tg than neat PA11. No additional
endothermic peaks were observed prior to the melting peaks of PA11, unlike other
studies of PA11 cast from formic acid, possibly due to the heat and vacuum treatment of
our materials during processing, which removed the residual solvents.129 This indicates
that the depression of Tg in CNC+ML was not caused by residual water, DCM, or formic
acid, but rather ML. On the other hand, the CNC_d specimen had increased Tg . This
result indicates that plasticizers needed to be freely dispersed in the polymer matrix in
order to take effect. Attaching them to a stiffening filler like CNC could minimize their
effects.
The melting behavior of the specimens was also investigated. Figure 4.9a
illustrates the major endothermic events during the first heating ramp of the specimen.
The degree of crystallinity of PA11 was calculated for neat polymer and different types
of nanocomposite using both the first and second heating ramp. There are no drastic
changes in the overall crystallinity with the addition of CNC and its derivatives. This
could be attributed to the relatively low loading of fillers in the nanocomposite. This also
indicates the increase in mechanical properties of the nanocomposite was not due to the
increase of degree of crystallinity of PA11, but the interaction between PA11 and the
fillers. The crystallization process of PA11 and its nanocomposite were also studied from
the cooling ramp of the DSC curve. The crystallization curves from PA11 and its
nanocomposite are shown in Figure 4.9b. Compared to neat PA11, there is a slight
decrease in the main Tc for CNC and CNC+ML nanocomposites, while a smaller
shoulder peak forms at a slightly higher temperature. This result indicates that there were
two different crystallization events, possibly from heterogeneous and homogenous
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crystallization of PA11. Previously studies have reported that the presence of
nanoparticles usually led to heterogeneous nucleation effects and shift the crystallization
peak to a higher temperature.120,123,129 For CNC_d specimens, only one peak is found, and
there is a slight increase in the Tc. CNC_d specimens have a sharper crystallization peak,
which appeared at higher temperature compared to other types of specimens. This
indicates CNC_d increased the crystallization rate of PA11.

Figure 4.9 DSC curves of compression molded neat PA11 and nanocomposites during the
first heating ramp a) and cooling ramp b). In part c), the first heating ramp of
compression molded PA11 nanocomposites with different amounts of CNC_d.
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Interestingly, for the CNC_d PA11 nanocomposite in Figure 4.9a, the DSC
melting pattern during the first heating ramp is drastically different from that of neat
PA11, CNC, and CNC+ML nanocomposite. For neat PA11 and most of the other
nanocomposite samples, there are two melting peaks around 177 o C and 186 o C,
respectively. Similar patterns of peaks were observed during the second heating. For the
CNC_d nanocomposite, there is an additional melting peak at around 190 o C. During the
second heating ramp, this additional peak disappeared and the melting pattern resembled
that of neat PA11 and other nanocomposites. The change in the melting pattern after the
first heating ramp indicates that this newly formed melting peak is related to the
nanocomposite fabrication process. There are a few possible reasons for this newly
formed melting peak in DSC. It could be related to a crystal phase transformation of
PA11, similar to that of the Brill transition.149 Previous reports identified six different
crystal structures for PA 11: α , α ’, β , γ, δ , δ ’.123,129,149–151 Different processing procedures
are required to obtain these crystal structures. For this study, the only possible structures
are α and α ’ polymorphs. The α crystalline structure is usually obtained from solvent
casting and is the most thermodynamically stable form. The α ’ polymorph is very close
in structure to α and is typically obtained from slow cooling from the melt. The DSC
melting patterns for all the specimens except CNC_d/PA11 nanocomposite in Figure 4.9a
resemble that of the α ’ structure of PA11, as seen in previous work.149 To the best of our
knowledge, there were no previous DSC studies that reported this type of melting pattern
for any of the known PA11 polymorphs, which eliminates the possibility of phase
transformation. However, there were previous studies on CNT/PA11 nanocomposite that
had similar melting peak patterns.122,123 The authors reported a nano- hybrid shish kebab
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(NHSK) structure of PA11, crystalized on the surface of CNT, which led to the formation
of two sizes of crystal lamellae. The NHSK consisted of an inner layer of crystal grown
on the CNT surface, which had a higher melting point due to its lamella having larger
longitudinal thickness. The kebab structure was subsequently crystalized on this inner
layer.122,152 It is possible that similar structures were formed on the surface of CNC_d.
However, no microscopy data could be obtained to solidify this hypothesis. Another
possibility is that PA11 underwent an isothermal annealing event near its melting point.
As CNC_d/PA11 nanocomposites were compression molded at 190 o C, there could be a
small portion of large sized PA11 crystals that underwent annealing while the smaller
sized PA11 crystals were melted. Gogolewski previously conducted an isothermal
annealing study of PA11 at 180 o C for different amounts of time.153 No crystal phase
transformation was observed. However, a new melting peak at high temperature was
generated, while the original melting peak became smaller. Gogolewski suggested this
was due to increased PA11 crystal perfection and lamellae thickness as annealing was
prolonged. A similar phenomenon could have occurred during our processing steps of
PA11 nanocomposites.

In Figure 4.9c, DSC graphs of PA11 nanocomposites with

different amounts of CNC_d are displayed. As CNC_d content increases, the newly
formed peak becomes larger. At the same time, the α ’ crystal peak becomes smaller and
broader. This indicates that CNC_d is possibly inducing this structure change. To further
explore this phenomenon, annealing studies of neat PA11 and different types of
nanocomposites were conducted.
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4.3.6

Annealing Study
To mimic the annealing event during compression molding, solvent-cast neat

PA11 and 5wt% nanocomposite specimens were annealed at 187 o C in the DSC for
different amount of time. The specimens were subsequently cooled to 0 o C and heated to
220 o C. The melting patterns of annealed specimens during the final heat ramp are
illustrated in Figure 4.10. Solvent-cast specimens that were directly heated to 220 o C
under the same heating rate are listed as ‘Unannealed’ in Figure 4.10. The ‘Unannealed’
samples show only one peak around 187 o C, resembling that of the typical α polymorph
DSC thermogram.149 After annealing, a new peak was formed around 193 o C for all the
specimens. The melting temperatures of both original and newly formed peaks are listed
in Figure 4.11a. As annealing time increased, the original melting peak shifted to lower
temperature, while the new melting peak shifted to higher temperature. This possibly
indicates that there was a critical threshold for the size of the PA11 crystals. Below this
size threshold, the crystals were melted, became smaller, and led to the left shift of the
original melting peaks. Above this size threshold, the crystals became larger due to
annealing and led to right shift of the newly formed peaks. For all of the CNC
nanocomposites in Figure 4.11b, this change in crystal structure seems to be inhibited.
The newly formed peak around 193 o C is much smaller compared to the original peak at
187 o C. Also, there is a new peak generated around 183 o C, possibly due to the
transformation of α to α ’ polymorph. A similar phenomenon is also observed in
CNC+ML nanocomposite at low annealing time in Figure 4.11d.
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Figure 4.10 DSC melting curves of neat PA11 a) and nanocomposite with 5 wt% of CNC
b), CNC_d c), and CNC+ML d) after different amounts of annealing time at 187 o C.
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Figure 4.11 The changes in melting temperature a) and heat of fusion b) of the original
and newly generated melting peaks of PA11 and nanocomposites after different amounts
of annealing time at 187 o C.

To further analyze the annealing event, the heat of fusion (∆Hf ) was calculated by
integrating the area under the melting peaks. The results for the original peaks and the
new peak are plotted separately in Figure 4.11b as a function of annealing time. The total
∆Hf of all the peaks in the specimen are shown in Figure 4.11c. ∆Hf for nanocomposite
specimens was normalized to the weight fraction of PA11. In neat PA 11, ∆Hf for the
original peak decreased as the new peak in increased. However, as shown in Figure 4.11c,
the total ∆Hf had an initial decrease and did not increase drastically as annealing time
increased. This indicates there could be a size transformation event. As the large PA11
crystals above the size threshold became thicker, they recrystallized materials from the
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small PA11 crystals below the size threshold that were just melted, instead of utilizing
additional amorphous materials. The initial decrease in total ∆Hf for neat PA11 is likely
due to the slower initiation rate for the size transformation compared to the melting rate
of the crystals. For CNC nanocomposites, there are no drastic changes in ∆Hf of the
original melting peak as the annealing time increased. As expected, ∆Hf for the newly
generated peak in CNC nanocomposites is also small. This result suggests that CNC
could possibly have inhibited the PA11 crystal size transformation by acting as
heterogonous nucleator, and led to formation of crystals with smaller size. As seen in
Figure 4.11b, the CNC+ML nanocomposites show a similar trend to neat PA11. This
indicates that ML did not affect the crystal size transformation event. Comparing to neat
PA11, ∆Hf of the new peak for CNC+ML nanocomposites is smaller and does not
increase as rapidly. This could be attributed to the presence of CNC in the specimen. For
the CNC_d nanocomposite, a different kinetics is observed in Figure 4.11b. ∆Hf for the
new peak for CNC_d specimens is higher than neat PA11 at low annealing time, but it
falls and reaches a plateau at high annealing time. This is possibly due to CNC_d acting
as an initiator for the crystal size transformation at low annealing time. Potentially, at
longer annealing time, the initiator was exhausted, which led to the decrease in ∆Hf for
CNC_d specimens. Nevertheless, CNC_d may be a promising agent to initiate the size
transformation of PA11.
It was possible that the shear band inducing effects of CNC_d were related to the
larger PA11 crystals formed during annealing. To investigate this relationship, CNC_d
nanocomposite was compression molded at 210 o C following the same procedure in order
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to completely melt the crystals and eliminate any possible annealing event. These types
of specimens also generated shear bands. This indicates the shear band inducing effects
were not related to the larger PA11 crystals. Nevertheless, the two unrelated but
simultaneous effects of CNC_d on PA11 can be further explored in future manufacturing,
processing, and performance enhancement of polyamide nanocomposite.
4.4

Summary

In this study, unmodified CNC, dodecanoic acid modified CNC (CNC_d), and
CNC with methyl laurate as an additive (CNC+ML) were used to create nanocomposites
of PA11 via solution casting followed by compression molding. For mechanical
properties, CNC_d acted as an intermediate between CNC and CNC+ML. CNC_d
improved Young’s modulus of PA11 as well as maintained the toughness. The CNC and
CNC+ML nanocomposites had to sacrifice one for the other. In addition, shear band like
structures were formed for the CNC_d nanocomposites during tensile testing, suggesting
potential alternative toughening mechanisms for PA11. Thermal analysis of PA11 and its
nanocomposite suggested CNC_d minimized the glass transition temperature depression
effect of the plasticizer. The addition of CNC_d to the PA11 also led to higher
crystallization rate and initiated crystal structure change of PA11 crystals to form crystals
that melted at higher temperature. Overall, surface modified CNC could maintain the
reinforcing effects of CNC in PA11 while providing added benefits of creating a new
toughening mechanism and initiating crystal structure change.
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CHAPTER 5. CONCLUSIONS AND FUTURE WORK

This work explored different strategies that improve interfacial compatibilities
between CNC and a polymer matrix, and the impact of these strategies on the properties
of CNC/polymer nanocomposites. Several noteworthy conclusions can be drawn from
this work. For the processing approach that disperses CNC in epoxy hardeners first, the
key is to eliminate the residual water and solvent, which could negatively influence the
thermal properties of the nanocomposite. For the Bisphenol A based epoxy system, final
mechanical properties of the nanocomposite also depend on the types of the hardeners
used for curing. For surface modification of CNC via esterification, the acid anhydride
based method is better for grafting of short side chains, while a CDI based method is
better for long side chain modifications. The dispersibility of the grafted CNCs depends
on both the amount of side chain grafted and the length of the side chain. For
polyamide11 reinforced with grafted CNC, a novel shear band phenomenon is observed.
In addition, grafted CNC can potentially initiate the structure transformation event that
potentially leads to larger crystals during annealing. From these findings, there are a few
directions that can be potential explored for future research on this topic.
5.1

Grafted CNC and Epoxy Nanocomposite

One of the major shortcomings from the study, mentioned in Chapter 2, is low
loading concentration of CNC in the final epoxy nanocomposite. Utilizing surface
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modified CNC could improve the loading, since grafted CNCs are more hydrophobic.
They can potentially be dispersed in the resin part of the epoxy formulation and generate
a CNC/resin compound that can be utilized with different types of hardeners for various
applications. Different types of grafted moieties of CNC should be evaluated for their
impacts on the final properties of the epoxy nanocomposite. In addition, utilization of
grafted CNC can potentially reduce the solvent usage during the processing step, which
would reduce the environmental footprint of the nanocomposite and improve the
scalability of the fabrication process.
5.2

In situ Polymerization of Grafted CNC

Another approach to disperse CNCs is to incorporate them during the polymer
synthesis process. In Chapter 3, in addition to fatty acid derivatives, CNC grafted with a
methacryloyl (CNC_MA) functional group was also synthesized. These CNC_MAs have
terminal double bonds that are readily available for radical polymerization. Polymer
nanocomposites can be fabricated by co-polymerizing a monomer and CNC_MA. This
approach enables covalent linkage between CNC and the polymer matrix instead of the
physical bonding found in other nanocomposite fabrication methods. Nevertheless, the
degree of polymerization can be affected with the addition of CNC. The type of monomer
used can also influence the polymerization kinetics. The mechanical and thermal
properties of the final nanocomposite with respect to polymer type and CNC loading
should be investigated.
5.3

Masterbatch of Grafted CNC and Polymers

As the results showed in Chapter 3, keeping surface grafted CNC wet in washing
solvent can improve the dispersibility of grafted CNC in hydrophobic media. This
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phenomenon opens doors for new applications of solvent based dispersion of CNC in
polymer. A co-solvent should be used to disperse both the matrix polymer and grafted
CNC. Since grafted CNC is well dispersed in this co-solvent suspension with the polymer,
they can potentially maintain dispersion if the co-solvent is rapidly removed. The cosolvent can either be directly removed during solvent casting or during co-precipitation in
a masterbatch process. For grafted CNC and matrix polymer suspensions, a non-solvent
for both grafted CNC and matrix polymer can be used to precipitate both components.
The non-solvent needs to be miscible with the co-solvent used in the suspension.
Depending on the precipitation process, different morphologies and compositions of
nanocomposite pellets can be generated. The addition rate of the suspension, stirring rate
of the non-solvent, and choice of co-solvent and non-solvent can influence the dispersion
of grafted CNCs in the polymer pellets. These pellets can then be extruded or
compression molded to form different shapes for mechanical testing. One key advantage
of this method is that CNCs are pre-coated with polymer, which can potentially protect
them from the high temperature experienced in the melt processing equipment while
maintaining dispersion.
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